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During the last few decades, the “Theory of Developmental Origins of Health and Disease” has 
increased the interest in early exogenous influences on the life-time prevalence of non-
communicable diseases. From conception onwards, sensitive periods in development are 
discussed. During these phases, the organism is susceptible to exogenous influences that can 
alter organs and their function. Especially the developing brain, an organ characterized by a 
high degree of plasticity and mutually affected by genetic preconditions and exogenous factors, 
is in the focus of interest. It influences numerous physiological processes during the entire life 
span, determines behavior and is thus closely linked to the preservation of health and to the 
development of diseases. Fetal magnetoencephalography enables to monitor brain function 
as early on as in utero and provides an unique opportunity to evaluate the course and 
performance of functional brain development from a very early age. 
The first study of this thesis systematically reviewed studies of event-related brain responses 
and habituation during child development. Neurophysiological measurements of event-related 
brain responses, their age-related changes and the role of neurophysiological habituation 
assessment for the evaluation of higher cognitive processes during child development were 
presented and critically discussed. As a result, age-related changes in event-related brain 
responses can be postulated. However, both event-related brain response studies and 
habituation studies had a wide diversity of subjects’ ages and stimulation protocols, and only 
very few longitudinal studies exist. A general conclusion is thereby limited and future studies 
should focus on longitudinal designs and methodical standardization.  
In line with these recommendations, the second study evaluated event-related brain responses 
to syllables arranged in a habituation paradigm recorded by fetal magnetoencephalography in 
fetuses and, later, in infants (0-3 months of age). Early syllable processing and basic learning 
abilities were investigated in both age groups with a comparable stimulation procedure. 
Neurophysiological habituation was shown in neither fetuses nor infants. In infants, however, 





may be important for the investigation of early cognitive learning processes and may contribute 
to a better understanding of language acquisition mechanisms. 
In the third study, the impact of intrauterine growth restriction on the development of infantile 
brain function was investigated. Event-related brain responses in three study groups (fetuses 
with a pathological intrauterine growth restriction, fetuses that were too small for their 
gestational age and fetuses with an intrauterine growth appropriate to their gestational age) 
were recorded by fetal magnetoencephalography. A follow-up assessment of the participants 
with a psychological developmental test (Bayley Scales of Infant Development, Second 
Edition) was implemented after two years to examine long-term cognitive and motor 
development. Latencies of event-related brain responses to visual stimuli were longer in 
intrauterine growth-restricted fetuses than in the small-for-gestational-age- and appropriate-
for-gestational-age group, but this difference did not reach statistical significance. In the follow-
up assessment, cognitive capabilities of the intrauterine growth-restricted group were 
significantly lower than in former small-for-gestational-age and former appropriate-for-
gestational-age infants. These findings confirm the hypothesis that intrauterine growth-
restriction is a risk factor for cognitive development and future investigations should analyze 
the underlying neuropathological mechanisms and follow the development of intrauterine 






In den letzten Jahrzehnten hat die „Theory of Developmental Origins of Health and Disease“ 
das Interesse an frühen exogenen Einflüssen auf die Lebenszeitprävalenz nicht übertragbarer 
Krankheiten erhöht. Beginnend mit der Empfängnis werden sensitive Phasen während der 
Entwicklung eines Organismus diskutiert, in denen bestimmte exogene Einflüsse eine 
Veränderung der Organe und ihrer Funktion einleiten können. Ein Organ im Mittelpunkt des 
Interesses ist das Gehirn. Es zeichnet sich durch eine hohe Plastizität aus und steht im 
Wechselspiel zwischen genetischer Disposition und exogenen Einflüssen. Das Gehirn 
wiederum beeinflusst während der gesamten Lebensdauer zahlreiche physiologische 
Prozesse, bestimmt das Verhalten und ist somit eng mit dem Erhalt der Gesundheit oder der 
Entwicklung von Krankheiten verbunden. Die fetale Magnetoenzephalographie ermöglicht die 
Überwachung der Gehirnfunktion bereits in utero und bietet die einzigartige Möglichkeit, den 
Verlauf und die Leistung der funktionellen Gehirnentwicklung in einem sehr frühen Alter zu 
untersuchen. 
Im ersten Teil dieser Arbeit wurden systematisch Studien über ereignisbezogene 
Gehirnreaktionen und Habituation während der Kindesentwicklung zusammengestellt und 
diskutiert. Neurophysiologisch gemessene ereignisbezogene Gehirnreaktionen und deren 
Veränderungen im Verlauf der Kindesentwicklung sowie die Bedeutung neurophysiologischer 
Habituation für die Beurteilung höherer kognitiver Prozesse wurden kritisch hinterfragt. In 
dieser Übersichtsarbeit wird deutlich, dass altersbedingte Veränderungen zwar vorliegen, 
jedoch die Studien aufgrund der großen Diversität hinsichtlich untersuchter Altersgruppen und 
verwendeter Stimulationsprotokolle kaum vergleichbar sind. Es liegen zudem wenige 
Längsschnittuntersuchungen zu ereignisbezogenen Gehirnreaktionen als auch zu Habituation 
während der Kindesentwicklung vor. Eine allgemeine Aussage über entwicklungsbedingte 
Veränderungen ist damit nur begrenzt möglich. Zukünftige Studien sollten vermehrt auf 





In Übereinstimmung mit diesen Empfehlungen wurden in der zweiten Studie mittels fetaler 
Magnetoenzephalographie ereignisbezogene Gehirnreaktionen von Sprachsilben untersucht, 
die in einem Habituationsparadigma angeordnet waren. Frühe Silbenverarbeitung und 
grundlegende Lernfähigkeiten wurden mit einem vergleichbaren Stimulationsverfahren in zwei 
Altersgruppen, bei Feten und Säuglingen, analysiert. Es wurden drei verschiedene 
Habituationskriterien untersucht. Weder bei Feten noch bei Säuglingen konnte 
neurophysiologische Habituation beobachtet werden. Bei Säuglingen zeigte sich jedoch eine 
neuronale Unterschiedsreaktion auf eine im Paradigma eingefügte abweichende Silbe. Diese 
Ergebnisse sind für die Untersuchung früher kognitiver Lernprozesse wichtig und tragen 
möglicherweise zu einem besseren Verständnis der Mechanismen des Spracherwerbs bei. 
Die dritte Studie untersuchte Auswirkungen der intrauterinen Wachstumsrestriktion auf die 
Entwicklung der kindlichen Gehirnfunktion. In drei Studiengruppen (Feten mit intrauteriner 
Wachstumsrestriktion, Feten, die zu klein für das jeweilige Schwangerschaftsalter waren, und 
Feten, die hinsichtlich des Schwangerschaftsalters normal entwickelt waren) wurden 
ereignisbezogene Gehirnreaktionen mittels fetaler Magnetoenzephalographie aufgezeichnet. 
Im Alter von zwei Jahren erfolgte eine Follow-up-Untersuchung der Kinder mit einem 
psychologischen Entwicklungstest (Bayley Scales of Infant Development, Second Edition), um 
die langfristige kognitive und motorische Entwicklung zu dokumentieren. Die Latenzen der 
ereignisbezogenen Gehirnreaktionen auf visuelle Reize waren bei Feten mit intrauteriner 
Wachstumsrestriktion im Vergleich zu den anderen Gruppen länger, die Unterschiede 
erreichten aber keine statistische Signifikanz. In der Follow-up-Untersuchung wies die Gruppe 
mit intrauteriner Wachstumsrestriktion einen signifikant geringeren Wert bezüglich kognitiver 
Fähigkeiten auf als Kinder der beiden anderen Gruppen. Diese Ergebnisse bestätigen die 
Hypothese, dass intrauterine Wachstumsrestriktion ein Risiko für die kognitive Entwicklung 
darstellt. Zukünftige Untersuchungen sollten zugrundeliegende neuro-pathologische 
Mechanismen analysieren und die Entwicklung betroffener Kinder verfolgen, um potentielle 






1.1 Developmental Origins of Health and Disease – DOHaD 
1.1.1 Definition and history 
The state of human mental and somatic health is strongly linked to subjective well-being. In 
particular, the treatment of chronic diseases requires considerable effort on the part of both 
professionals and patients. Patients with chronic somatic diseases often report a higher degree 
of mental distress, which increases the incidence for psychological disorders (Moussavi et al., 
2007; Snoek et al., 2015; Verhaak et al., 2005). Besides the availability of effective 
interventions, the expansion of screening procedures to identify individuals at risk and 
prevention programs to ensure mental and somatic health are becoming increasingly important 
(Detweiler-Bedell et al., 2008). 
During their lifetime, humans are exposed to many risk factors that can increase the incidence 
of certain diseases. Almost 30 years ago, Barker et al. (1989) emphasized that influences as 
early as during prenatal development must be taken into consideration to explain the 
pathogenesis of various diseases that occur in later life. On the basis of a cohort study 
conducted in the United Kingdom (England and Wales), the authors postulated an association 
between nutritional conditions during pregnancy and an increased risk for cardiovascular 
disease and diabetes type 2 in later life (Barker et al., 1993). These observations resulted in 
the concept of fetal programming, which states that influences of the intrauterine environment 
and of the perinatal period can have an impact on subsequent health status and developmental 
processes (Barker, 2007; Godfrey & Barker, 2001).  
During the years to follow, the findings of Barker and colleagues were evolved into the 
hypotheses of Developmental Origins of Health and Disease (DOHaD), and the DOHaD 
society was founded in 2003 (Hanson & Gluckman, 2014). Today, DOHaD's field of research 





and, in particular of non-communicable diseases on the individual and on the population from 
conception onwards (Penkler et al., 2018; Wadhwa et al., 2009).  
 
1.1.2 Risk factor intrauterine growth restriction (IUGR) 
Fetal nutrient deficiency and subsequent restricted fetal growth, resulting in a low birthweight, 
was one of the first factors believed to cause a higher risk of chronic disease and impaired 
cognitive development in later life (Barker, 1966, 1991). Generally speaking, fetuses whose 
estimated birth weight is below the 10th percentile are called small for gestational age (SGA), 
whereby this term does not necessarily indicate a pathological reason for the low weight and 
also refers to constitutionally small fetuses. The term intrauterine growth restriction (IUGR), as 
opposed to the term SGA, should be used for fetuses who do not reach their genetically 
predisposed growth due to underlying pathological intrauterine processes. In most cases, 
IUGR is caused by a placental insufficiency that significantly increases the risk of perinatal 
morbidity and mortality (Figueras & Gardosi, 2011). In the guideline program of the German 
society for Obstetrics and Gynecology (Deutsche Gesellschaft für Gynäkologie und 
Geburtshilfe, DGGG), IUGR is defined as an “estimated fetal weight under the 10th percentile 
and/or a growth course that is not appropriate for the percentile and a pathologic Doppler 
sonography of the umbilical artery or a pathologic Doppler sonography of the arteria uterinae 
or the presence of oligohydramnios” (DGGG, 2016). In addition to a reduced birth weight, 
IUGR can cause neurophysiological alterations which presumably have an impact on the 
neurocognitive and/or motor development of the children concerned (Murray et al., 2015). With 
regard to structural brain development, IUGR is associated with alterations in the corpus 
callosum and a reduction in both intracranial volume and cerebral cortical gray matter (IUGR 
premature infants compared to premature infants) (Egana-Ugrinovic et al., 2014; Tolsa et al., 
2004). Moreover, IUGR might be associated with alterations in connectivity (Fischi-Gomez et 





authors have proposed that IUGR can even affect mental health in later life (Nilsson et al., 
2005; Sizonenko et al., 2006; Thompson et al., 2001). 
 
1.2 Monitoring of fetal brain development 
Intact structure, function and connectivity of the brain are important prerequisites for acquiring 
age-appropriate cognitive, motor, and emotional skills. Several different – preferably non-
invasive – methods for tracking structural brain development in utero are currently available. 
Due to technical progress, fetal neurosonography is becoming more and more feasible for 
accurately monitoring the development of brain structures (Kim et al., 2008). Magnetic 
resonance imaging (MRI), with its relatively low risk to mother and fetus, provides further 
information about the state of structural fetal brain development (Clouchoux et al., 2012; 
Griffiths et al., 2017; Manganaro et al., 2017; Welsh et al., 2011). Also, MRI has recently been 
supplemented with Diffusion-Tension-Imaging (DTI) to gain information about the (micro-) 
structure and composition of various kinds of tissue and the development of structural 
connectivity (Jakab et al., 2017; Kasprian et al., 2008; Mitter et al., 2015). However, neither 
ultrasound nor MRI/DTI provides information about brain functioning. Non-invasive methods 
for functional brain examination that are established in adults and children, such as 
electroencephalography (EEG) and near-infrared spectroscopy (NIRS), are not suitable for 
measuring fetal brain activity as the maternal tissues weaken and/or distort signals from the 
fetal brain. A promising approach is functional MRI (fMRI) which enables non-invasive 
measurement of fetal brain activity by relying on metabolic changes. Interestingly, fMRI 
enables to study functional connectivity by describing the temporal correlation between 
different brain regions (Fulford et al., 2004; Moore et al., 2001; Thomason et al., 2013; van den 
Heuvel & Thomason, 2016; Welsh et al., 2011). 
Another method for the assessment of fetal brain function, which has a lower spatial but higher 
temporal resolution than fMRI, is the completely non-invasive magnetoencephalographic 





currents and induces a magnetic field which can be recorded using special highly sensitive 
coils. Although these magnetic signals are extremely weak (pico (1 pT = 10-12 T) to femto Tesla 
(1 fT = 10-15 T)), the signals measured are not distorted by the skull or by tissue and reach a 
high temporal resolution in the range of milliseconds (Baillet, 2017). 
 
1.3 Fetal magnetoencephalography (fMEG) 
Successful fetal brain activity measurement with MEG was already documented by Blum et al. 
(1985). Pivotal studies with MEG-devices have shown that magnetically acquired event-related 
brain responses (ERRs) of auditory stimuli are detectable in the fetus (Schneider et al., 2001; 
Zappasodi et al., 2001). To improve investigations of fetal brain activity by MEG, a 151-channel 
fetal magnetoencephalograph (fMEG) (known as SARA, Superconducting Quantum 
Interference Device (SQUID) Array for Reproductive Assessment, VSM MedTech Ltd., Port 
Coquitlam, Canada) was developed. Installed at the University of Arkansas for Medical 
Sciences, Little Rock, USA in 2000, this device was especially adapted to the requirements of 
fetal measurements (Eswaran et al., 2002; Lowery et al., 2009; Preissl et al., 2004). 
The fMEG system used in the studies of the current thesis is the follow-up model of SARA. It 
contains 156 integrated primary and 29 reference sensors (SQUID-coils) and was installed at 
the fMEG center of the Tuebingen University in 2008 (SARA II: SQUID Array for Reproductive 
Assessment, VSM MedTech Ltd., Port Coquitlam, Canada). Being a completely non-invasive 
method, fMEG enables to investigate fetal brain function as well as fetal cardiac activity during 
the last trimester of pregnancy. It helps to gain insight into the early processes of human 
neuronal development, on the basis of the measurement of fetal brain activity (Preissl et al., 
2004; Sheridan et al., 2010).  
During an fMEG measurement, the pregnant woman places her abdomen in a specially 
constructed sensor array that registers changes in the electromagnetic field (Figure 1). Prior 
to measurement, the positions of the fetal head and eyes are determined by ultrasound. As 





cava syndrome (restricted blood backflow to the heart due to a compression of the vena cava 
caused by the weight of the pregnant uterus, potentially occurring in supine position). Both 
SARA-devices are also suitable for measuring brain activity of neonates by attaching a cradle 
on which the neonate can rest its head on the sensor array (Figure 2B). The fMEG also enables 
to record cardiac activity in the fetus and thus investigate the autonomic nervous system. fMEG 
measurements take place in a magnetically shielded room (Vakuumschmelze, Hanau, 
Germany) to avoid environmental artifacts. During the measurements, participants are video-
monitored and are able to communicate with the investigator via intercom. For neonatal 








Figure 1: Schematic illustration of the fMEG 
technique. SQUID-coils (in black) detect 
changes in fetal heart (blue) and brain (red) 
activity. Adapted from Sippel et al. (2019). 
 
1.3.1 Stimulation during fMEG measurement 
To investigate neuronal responses of fetuses and neonates, auditory and visual stimuli are 
presented during the fMEG measurements (Sheridan et al., 2010). During visual stimulation, 
a LED-light pad is placed on the maternal abdomen near the location of the fetal eyes or, in 
the case of neonates, next to the head near the eyes. Flashes of light are transmitted through 
fiber optic wires without eliciting electromagnetic interferences (Wilson et al., 2009). Auditory 
stimuli for fetuses are generated outside the magnetically shielded room and are transmitted 





the SQUID-sensors of the fMEG-device. The stimuli intended for neonates are transmitted via 
a suitable earphone for small infants (Ear Muffins from Natus, Biologic, San Carlos, USA, 
Figure 2B). During the fMEG measurements, near-field signals such as muscle activity 
(uterine, maternal, fetal) or maternal and fetal cardiac activity cause interferences with fetal 
brain signals and should be avoided or filtered out during data analysis (McCubbin et al., 2006; 
Preissl et al., 2005; Vrba et al., 2004; Wilson et al., 2008). The fetal position is therefore 
determined by ultrasound both before and after the fMEG measurement to record changes in 
fetal position that should be taken into account during data processing. 
 
 
Figure 2: SARA II fMEG system at Tuebingen University. During fetal measurement (A), the maternal 
abdomen rests in the sensor array. For auditory stimulation, an air-filled balloon for the transmission of 
acoustic stimuli is placed between the maternal abdomen and the sensors (not visible). During neonatal 
measurement (B), a cradle is attached to the device and the head rests in the sensor array. Acoustic 
stimuli are relayed via an earphone. 
 
1.4 Event-related brain responses (ERRs) 
During the third trimester of pregnancy, the visual and auditory system of the fetus is already 
capable of perceiving and processing both visual and auditory stimuli (Anbuhl et al., 2017; 
Moore & Linthicum, 2007). Both EEG and (f)MEG enable to directly evaluate the 
neurophysiological activity related to external stimulation with a high temporal resolution. 
Neurophysiological responses induced by external stimulation were initially recorded as 
changes in the electrophysiological activation of cortical neurons with EEG and therefore 





in electromagnetic fields, the more comprehensive term “event-related brain response” (ERR) 
is used instead of ERP which is established in the EEG field. The analysis of ERRs provides 
information about stimulus processing, processing speed, and cognitive abilities such as 
memory and stimulus discrimination. The latter two are realized by analyzing ERRs from 
sequences of different stimuli. (Draganova et al., 2007; Matuz et al., 2012; Muenssinger et al., 
2013b; Schleger et al., 2014). Figure 3 shows the typical time-related (x-axis, in ms) course of 
the electrical current (y-axis, in µV) induced by the electromagnetic field of an auditory ERR. 
Its waveform consists of local maxima and minima that reflect the different components of an 
ERR. Each component can be identified by its amplitude and its latency accordingly. In the 
nomenclature of ERR components, positive and negative voltage deflections are designated 




Figure 3: Typical shape of a cortical auditory event-related potential (ERR). The most prominent 
components are P1, N1, P2, N2 and P300. The amplitude (red) and latency (blue) of P2 are given as 
examples. 
 
The early components of ERRs (exogenous components) reflect the physical features of the 





(endogenous components) reflect task-relevant processes such as attention or consciousness 
and occur at later time points (150 ms and later) (Kappenman & Luck, 2011). A third category 
of components, the motor components, represent the readiness for a motor reaction. They are 
less relevant in the context of fMEG studies, since any deliberate task responses from subjects 
in this age group are not expected. The component of the ERR to be analyzed depends on the 
research question, the measuring method, the modality of the stimuli (tactile, auditory, visual) 
and their specific arrangement. In this context, fMEG is a unique method with which early 
cognitive skills, and thereby basal learning processes, can be investigated as early as in utero. 
However, not all ERRs can be detected during measurement with fMEG. Various factors can 
lead to a decreased detection rate, for example fetal position and fetal state, or artifacts caused 
by fetal or maternal muscle activity (Preissl et al., 2004). 
 
1.5 Neurophysiological habituation in humans 
Habituation is generally defined by a successive decrease in response intensity towards a 
repeatedly presented stimulus (standard) (Thompson, 2009; Thompson & Spencer, 1966). To 
distinguish this basal form of learning from other possible causes of a response decline, such 
as neuronal fatigue or sensory adaptation, habituation should be characterized by further 
criteria (Carandini, 2000; Netser et al., 2011; Rankin et al., 2009). The insertion of a novel 
stimulus (deviant or dishabituator) into a habituation paradigm (i.e., a series of stimuli to test 
for habituation) enables to test for stimulus specificity, since the deviant should result in a 
response that differs from the response to the standard stimulus. Moreover, the presentation 
of the deviant stimulus should then result in an increase of the decremented response to the 
again presented standard stimulus (dishabituation). Rankin et al. (2009) compiled a revised 
overview of criteria that characterize habituation (Table 1) on the basis of the work of 





Table 1: Revised version of Thompson & Spencer’s (1966) criteria for habituation (Rankin et al., 
2009).  
Characteristic Definition 
#1 “Repeated applications of a stimulus result in a progressive decrease in some 
parameters of response to an asymptotic level. This change may include 
decreases in frequency and /or magnitude of the response. In many cases, the 
decrement is exponential, but it may also be linear; in addition, a response may 
show facilitation prior to decrementing because of (or presumably derived from) 
a simultaneous process of sensitization.” 
#2 “If the stimulus is withheld after response decrement, the response recovers at 
least partially over the observation time (“spontaneous recovery”)” 
#3 “After multiple series of stimulus repetitions and spontaneous recoveries, the 
response decrement becomes successively more rapid and/or more 
pronounced.” 
#4 “Other things being equal, more frequent stimulation results in more rapid 
and/or more pronounced response decrement, and more rapid spontaneous 
recovery (if the decrement has reached asymptotic levels).“ 
#5 “Within a stimulus modality, the less intense the stimulus, the more rapid and/or 
more pronounced the behavioral response decrement. Very intense stimuli 
may yield no significant observable response decrement.” 
#6 “The effects of repeated stimulation may continue to accumulate even after the 
response has reached an asymptotic level (which may or may not be zero, or 
no response). This effect of stimulation beyond asymptotic levels can alter 
subsequent behavior, for example, by delaying the onset of spontaneous 
recovery.” 
#7 “Within the same stimulus modality, the response decrement shows some 
stimulus specificity. To test for stimulus specificity/stimulus generalization, a 
second, novel stimulus is presented and a comparison is made between the 
changes in the response to the habituated stimulus and the novel stimulus.” 
#8 “Presentation of a different stimulus results in an increase of the decremented 
response to the original stimulus. This phenomenon is termed “dishabituation”.“ 
#9 “Upon repeated application of the dishabituating stimulus, the amount of 
dishabituation produced decreases (this phenomenon can be called 
habituation of dishabituation).” 
#10 “Some stimulus repetition protocols may result in properties of the response 
decrement (e.g. more rapid rehabituation than baseline, smaller initial 
responses than baseline, smaller mean responses than baseline, less frequent 
responses than baseline) that last hours, days or weeks. This persistence of 
aspects of habituation is termed long term habituation.”  
 
The term “response” in the concept of habituation was originally based on behavioral changes 
as an (indirect) correlate of neurophysiological processing. Due to advances in technology, 
“direct” observation of habituation on a neurophysiological level, i.e., the recording and 





decline in the amplitude of a recorded EER component. Other criteria of habituation can be 
investigated with appropriately designed stimulation paradigms (Matuz et al., 2012; 
Muenssinger et al., 2013a). An exemplary paradigm for testing response decrement, stimulus 
specificity, and dishabituation, which was used in study 2 of this thesis, is shown in Figure 4. 
 
 
Figure 4: Example of an auditory habituation paradigm. The paradigm enables testing for response 
decrement, stimulus specificity and dishabituation by presenting the spoken syllables “ba” and “bi” 
(Hartkopf et al., 2016). The deviant at position S6 is colored in orange. Two sequences (“sequence /ba/” 
and “sequence /bi/”) are used to control for different responses to the sound of “ba” and “bi”. 
 
1.6 fMEG studies on stimulus processing and higher cognitive functions 
The DOHaD theory presumes that influences during pregnancy can already have effects on 
brain development and function, with profound implications for later life. Earlier studies with 
fMEG have indicated that fetuses show reliable ERRs to visual and auditory stimulation during 
the third trimester of pregnancy, thus confirming fetal ability to process acoustic and visual 
sensory input (Preissl et al., 2004). Fetuses were also able to detect differences between 
alternating frequencies during tone stimulation and elicited different ERRs towards tones with 
different rates of amplitude modulation (Draganova et al., 2007; Draganova et al., 2018). To 
investigate higher cognitive abilities such as habituation, Sheridan et al. (2008) showed 
response decrement (indicated by a decrease of ERR amplitudes) to a train of visual stimuli in 
neonates and in fetuses. Likewise, a visual stimulation paradigm devised by Matuz et al. (2012) 
used two stimulation paradigms consisting of four light flashes followed by a tone with two 





the length of the ITI. Moreover, a discriminative response, indicated by higher ERR amplitudes 
for the inserted tone, was demonstrated in both fetuses and neonates.  
Response decrement towards auditory stimulation arranged in a habituation paradigm (eight 
pure tones, with a deviant tone inserted at place six) was shown by Muenssinger et al. (2013a). 
In this study, stimulus specificity and dishabituation were also evaluated. While stimulus 
specificity was present in fetuses and infants, dishabituation could not be confirmed. Schleger 
et al. (2014) investigated numerosity processing as a further higher cognitive ability in fetuses 
and babies. By modification of the quantity of presented tones, a change-induced negative 
component of ERRs (mismatch negativity) was detected. 
In addition, fMEG has been used to investigate factors that are expected to impact fetal brain 
development. Fetuses with an IUGR had delayed ERRs to visual stimulation than SGA and 
appropriate for gestational age (AGA) fetuses (Morin et al., 2015). Gestational diabetes 
mellitus (GDM), as a metabolic disorder of the mother, also seems to influence fetal brain 
development. Fetuses of mothers with GDM showed slower postprandial auditory ERRs than 
fetuses of healthy mothers (Linder et al., 2015). Moreover, maternal family history of type 2 
diabetes impacts the duration of fetal auditory ERRs (Schleger et al., 2018). Schneider et al. 
(2011), who observed that betamethasone – which is used to induce fetal lung maturation 
when premature birth is inevitable – had an acute influence on ERRs, concluded that potential 
long-term effects on brain function should be also examined.  
 
1.7 Developmental assessment with the Bayley Scales of Infant Development 
One of the key issues of the DOHaD is the question as to how early events impact health and 
disease throughout the entire lifespan. It is therefore of utmost importance to determine 
whether any of the factors found to affect fetal brain function in utero also influence 
developmental processes (Bolin et al., 2019; Linder et al., 2015; Morin et al., 2015). In this 
context, psychological tests enable standardized follow-up assessments and are valuable 





The Bayley Scales of Infant Development, Second Edition (BSID-II) is a psychometric 
assessment tool to measure the developmental status of infants (Figure 5). The first version 
was developed by Nancy Bayley in 1969. The BSID-II (which was the latest German version 
of this test at the time of data collection for this thesis) is available in the German language 
and standardized for infants between one and 42 months of age (Bayley, 1993). Results of the 
BSID-II are differentiated into a cognitive and a motor domain (represented by the Mental 
Development Index (MDI) and the Psychomotor Development Index (PDI)) and include tasks 
involving language skills, attention, memory, visuospatial functioning, sensomotoric skills and 
motoric abilities.  
 
 
Figure 5: Developmental assessment. (A) Test situation and (B) test material of the BSID-II 
(exemplary selection). 
 
1.8 Research questions 
Measurement of ERRs in fetuses and newborns can indicate whether environmental factors 
impact brain function and its development, respectively. However, to compare and interpret 
research results, it is important to understand the physiological changes in ERRs that occur 
during child development. For this purpose, a systematic review of literature was performed to 
summarize and evaluate trials about age related changes in ERRs. A second aim was to 





neurophysiological measurement methods. Together with an overview of the current state of 
research, recommendations for future projects were provided (Chapter 2). 
The second study aimed to determine whether the investigation of brain function and early 
learning processes based on complex stimuli is feasible as early as in utero. fMEG was used 
to analyze ERRs towards syllables arranged in a habituation paradigm. Stimulus processing 
and three criteria of habituation (response decrement, stimulus specificity, dishabituation) were 
investigated in fetuses and infants (0-3 months of age) (Chapter 3).  
The third study investigated whether a pathologic condition (IUGR as a result of restricted fetal 
nutritional supply) impacts (1) fetal brain function as assessed by fMEG and (2) developmental 
outcome, determined using psychological follow-up assessments at the age of two. The aim 
was to evaluate whether the fMEG method might be useful to detect early functional brain 
impairments that impact later cognitive and motor development. Fetal brain function was 
assessed by a comparative ERR analysis of IUGR-fetuses, SGA-fetuses and AGA-fetuses. 
The follow-up developmental assessment examined cognitive and motor development, using 
the BSID-II to detect long-term effects caused by IUGR (Chapter 4). 
 
The following chapters take the form of manuscripts that can be read separately. This may 








2 Changes in event-related brain responses and habituation during 
child development – a systematic literature review (Study 1) 
Habituation allows the examination of both, grade of neuronal maturity and integrity. Being a 
very basal way of learning, it lends itself particularly well to very early human developmental 
studies. Habituation can be evaluated by observing behavior as well as by measuring 
neurophysiological correlates such as ERRs. Since ERRs are assumed to underlie 
developmental changes, the focus of this systematic review was therefore on (1) the influence 
of developmental changes of the central nervous system on ERRs with regard to habituation 
assessment and (2) the investigation of habituation during childhood, beginning at gestation, 
with a focus on neurophysiological measurements.  
Fifty-two studies on habituation during child development were reviewed, and a further eighty-
five studies about age-related changes in ERRs were taken into account. Results of both 
compilations show a very heterogeneous study situation. There was a great diversity with 
regard to the subjects’ ages, stimulation protocols and behavior or components of the ERRs 
examined. The implementation of methodically matched longitudinal studies as well as the 
combined measurement of behavioral and neurophysiological habituation could help to draw 
clearer conclusions about developmental changes in ERRs and neurophysiological habituation 
assessment. 
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h i g h l i g h t s
! With habituation, grade of neuronal maturity/integrity can be investigated from an early age.
! Behavioural studies are being increasingly complemented by neurophysiological measurements.
! Developmental changes in event-related brain responses should be considered.
a b s t r a c t
Objective: This systematic review highlights the influence of developmental changes of the central ner-
vous system on habituation assessment during child development. Therefore, studies on age dependant
changes in event-related brain responses as well as studies on behavioural and neurophysiological habit-
uation during child development are compiled and discussed.
Methods: Two PubMed searches with terms ‘‘(development evoked brain response (fetus OR neonate OR
children) (electroencephalography OR magnetoencephalography))” and with terms ‘‘(psychology habitu-
ation (fetal OR neonate OR children) (human brain))” were performed to identify studies on developmen-
tal changes in event-related brain responses as well as habituation studies during child development.
Results: Both search results showed a wide diversity of subjects’ ages, stimulation protocols and exam-
ined behaviour or components of event-related brain responses as well as a demand for more longitudi-
nal study designs.
Conclusions: A conclusive statement about clear developmental trends in event-related brain responses
or in neurophysiological habituation studies is difficult to draw. Future studies should implement longi-
tudinal designs, combination of behavioural and neurophysiological habituation measurement and more
complex habituation paradigms to assess several habituation criteria.
Significance: This review emphasizes that event-related brain responses underlie certain changes during
child development which should be more considered in the context of neurophysiological habituation
studies.
! 2019 International Federation of Clinical Neurophysiology. Published by Elsevier B.V. All rights
reserved.
1. Introduction
1.1. Development of the human central nervous system (CNS)
When a human develops up from a fetus over childhood to ado-
lescence, the brain undergoes continuous changes. During the third
week after conception, the development of the human nervous sys-
tem proceeds by expanding the neural plate – the origin of most of
the neurons in the CNS. The development of the human CNS is
characterized by cell proliferation, cell division, cell migration, cell
aggregation, apoptosis and formation of networks (for a detailed
https://doi.org/10.1016/j.clinph.2019.08.029
1388-2457/! 2019 International Federation of Clinical Neurophysiology. Published by Elsevier B.V. All rights reserved.
Abbreviations: CNS, central nervous system; EEG, electroencephalography; MEG,
magnetoencephalography; fMEG, fetal magnetoencephalography; GA, gestational
age; P, positive electroencephalography components; N, negative electroen-
cephalography components; CAEP, cortical auditory evoked potential; CVEP,
cortical visual evoked potential; DTI, diffusion tensor imaging; ISI, inter-stimulus
interval; SOA, stimulus onset asynchrony; iCNV, early component of contingent
negative variation; MMN, mismatch negativity; ITI, inter-train-interval.
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overview on intra-uterine anatomical brain development see
(Pinel, 2003)). The development of white matter and the related
progress of myelination begin before birth and persist, with area-
specific differences, until adulthood (Lebel and Beaulieu, 2011;
Lebel et al., 2008). The processes of CNS development are therefore
not finished at birth but continue over the entire life span.
In earlier days, the development of the human brain, especially
before birth, could be investigated only by post mortem studies.
The invention of ultrasound observation of fetuses enabled the
investigation of brain structure during the fetal period in vivo, as
well as fetal inner organs and fetal movements. Moreover, as an
indicator for stimulus perception and neuronal processing, fetal
behavioural responses to external stimulation were evaluated by
ultrasound. In most studies, the stimulation was acoustic or
vibro-acoustic and applied outside of the maternal abdomen
(Leader et al., 1982b; Bellieni et al., 2005; Shalev et al., 1989). How-
ever, despite providing important insight into brain development,
behavioural studies could only indirectly explain brain functioning
and were unable to directly illuminate functional brain processes.
Thanks to technological advances, behavioural studies are now
complemented by neurophysiological measurement methods.
Unlike behavioural observation, the neurophysiological mea-
surement methods electroencephalography (EEG) and magnetoen-
cephalography (MEG) meant that neuronal activity could be
evaluated directly with a high spatial and temporal resolution.
The first EEG recording of a human scalp was performed by Berger
in 1911 (Berger, 1929). EEG measurements register changes in
electrical neuronal activity on the scalp while MEG measurements
register changes in the magnetic fields produced by neurophysio-
logical activity. It should be noted that both methods are com-
pletely non-invasive. While in neonates both EEG and MEG are
applicable, advances of the fetal magnetoencephalography (fMEG)
technique allowed for neurophysiological measurement of event-
related responses to auditory and visual stimulation already during
the fetal period. In addition to fetal measurements, it is possible to
measure event-related brain responses of neonates with fMEG
devices. Both EEG and (f)MEG are suitable for measuring event-
related responses in infants and children. However, depending on
the age of the participants, the kind of stimulation and external
conditions, each method has its advantages as well as its specific
limitations. MEG devices tend to be more expensive and hence less
available. Special MEG systems for children and fMEG devices are
rarely accessible. One necessary prerequisite for the evaluation
and interpretation of both behavioural and neurophysiological
responses related to external stimulation is the functional develop-
ment of the auditory and visual system. Prenatally, detection and
discrimination of sounds is possible, and the development of sound
localization, as well as improved sound source acuity and sound
discrimination, occurs during the first years of life (Anbuhl et al.,
2017). Shortly after the rapid anatomical maturation of the audi-
tory system during the second trimester of pregnancy, the first
studies evaluated auditory experiences in fetuses between the
25th and 30th week of gestational age (GA) (for review see
(Moore and Linthicum, 2007)). Birnholz et al. detected first
responses to vibroacoustic stimulation in fetuses between the
24th and 25th week GA by monitoring blink-startle reflexes ultra-
sonically (Birnholz and Benacerraf, 1983). Stable behavioural
responses across the study group were observed at a GA of
28 weeks. Detection of different pure tone frequencies could be
shown over the course of fetal development (Hepper and
Shahidullah, 1994). First behavioural responses to 500 Hz tone
stimuli in single subjects were detected at 19 weeks GA. At an
age of 27 weeks GA, almost the whole sample of fetuses showed
reactions to stimulation in the frequency range between 250 Hz
and 500 Hz. The authors also ascertained that responses to higher
frequencies of around 1000 Hz could be detected at 33 weeks GA,
whereas responses to 3000 Hz tones were not detected until
35 weeks GA (Hepper and Shahidullah, 1994). Other groups con-
firmed similar gestational ages for fetal responses to auditory stim-
ulation (Querleu et al., 1988).
Visual stimulation in the prenatal period has, by comparison,
been less well researched than auditory stimulation. It is important
to note that not all parts of the visual system are mature before
birth, but mature further during the first year of postnatal life.
While scotopic vision (vision under low-light condition) becomes
functional during the prenatal period between the 24th and 40th
week GA, photopic vision (vision under well-lit conditions)
requires the influence of direct light and is not functionally mature
before birth (Graven and Browne, 2008). First brain responses to
light flashes in the prenatal period have been detected as early as
at the age of 28 weeks GA (Eswaran et al., 2004).
1.2. Auditory and visual event-related brain responses
Event-related brain responses show characteristic waveforms
that consist of different components. The latter can be categorized
into three types: exogenous components, endogenous components
and motor components. Exogenous components, typically trig-
gered by sensory stimuli, are modulated by characteristics of stim-
uli and occur in the first 150 ms after stimulus presentation. Unlike
exogenous components, endogenous components are influenced
by top-down-processes, consciousness and attention. This type of
component is modulated by task relevant processes and is not
entirely connected to the occurrence and physical aspects of a
stimulus. The third category, motor components, emerges during
preparation and execution of a motor response (Luck, 2005).
Although in some cases the boundaries of these three categories
are fluid, it is nevertheless a useful way of differentiating between
event-related brain response components. The comparison of
specific response components within participants of different age
groups can therefore provide information about the development
of distinct cognitive skills.
1.3. Habituation
The investigation of event-related responses facilitates the
assessment of stimulus perception and processing by the direct
examination of underlying neural correlates. The exploration of
higher cognitive skills such as recognition or memory, however,
requires complex stimulation paradigms. Habituation, as a form
of basal learning competence, is one established concept for exam-
ining such higher cognitive processes. Habituation is commonly
defined as ‘‘response decrement to repetitive stimulation”
(Thompson and Spencer, 1966). However, alternative explanations
for this process could be sensory adaptation or fatigue, defined as a
state of decreased neuronal sensitivity as a result of constant stim-
ulation (Carandini, 2000; Netser et al., 2011). To differentiate
between these two possible sources of response decrement to
repetitively presented stimulation, Thompson et al. developed cri-
teria of habituation, which were later revised to provide ten char-
acteristics of habituation by Rankin et al. (Supplementary Table S1)
(Thompson and Spencer, 1966; Rankin et al., 2009).
In habituation studies, many different types of stimulation are
applied. In addition to visual, tactile and auditory stimuli, combi-
nations of two different sensory perceptions are used, e.g. vibroa-
coustic stimulation. The stimulation is selected on the
characteristics and age of the participants and on the respective
method of measuring habituation. In fetal studies, auditory stimu-
lation is the predominant method. Visual stimulation is less feasi-
ble inside the maternal abdomen, even if stimulation with light
flashes in fetal studies provides an additional possibility of stimu-
lation. In neonates, visual and tactile stimuli gain importance in
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addition to auditory stimulation (Adams and Courage, 1995;
Lejeune et al., 2014).
Characteristics of stimuli (loudness, time of repetition, intervals
between or modalities of presentation) may affect the processes of
habituation as well as the internal condition of the subject under
investigation (motivational aspects, state of behaviour, inner eval-
uation processes and current interests) (Butler, 1968; Barry, 2004;
Ponce et al., 2011; Gatchel and Lang, 1974).
The most frequently investigated premises of habituation over
the last decades were the characteristics response decrement, stim-
ulus specificity and dishabituation. Many studies reported habitua-
tion merely by the occurrence of response decrement over
repetitively presented stimulation (Clifton et al., 1968; Groome
et al., 1995; Hepper et al., 2012). Other studies used two or more
of the characteristics to differentiate between habituation and sen-
sory fatigue: stimulus specificity and dishabituation (Marcus et al.,
2012; Lejeune et al., 2014). Stimulus specificity is defined by
response recovery to a new stimulus (deviant), which is inserted
into an array of repetitively presented standard stimuli and which
is often wrongly labelled as dishabituation. Leader et al. discussed
the lack of distinctiveness between stimulus specificity and disha-
bituation as early as 1982 (Leader et al., 1982a). The term dishabit-
uation, however, should be used to describe response recovery to
the habituated standard stimulus itself once the deviant stimulus
has been inserted (Rankin et al., 2009).
To distinguish habituation clearly from other phenomena that
may cause a response decrement (for example sensory fatigue,
refractoriness or adaptation), several of the criteria postulated by
Rankin et al. should be investigated simultaneously (Berry and
Meister, 1998; Perez-Gonzalez and Malmierca, 2014; Rankin
et al., 2009). Already Thompson and Spencer suggested that the
process of dishabituation should be used as a main indicator for
real habituation (Thompson and Spencer, 1966). Rankin et al. pro-
pose in addition to test for stimulus specificity and frequency-
dependent spontaneous recovery (Rankin et al., 2009). Both, disha-
bituation and stimulus specificity are therefore particularly suit-
able criteria to confirm habituation that can easily be integrated
into habituation paradigms (Fig. 3).
To investigate habituation in humans, two different types of
habituation paradigms are commonly used. In behavioural studies,
stimulation is often repeated until response cessation, and habitu-
ation is quantified by the number of stimuli required before
responses reach an asymptotic level (Kuhlman et al., 1988;
Leader et al., 1982b). Alternatively, a predefined number of stimuli
is presented and habituation is quantified by the amount of
response decrement over this presented array (Sörös et al., 2001;
Sheridan et al., 2008; Matuz et al., 2012). This method has the
advantage of being less time consuming and is therefore often used
in neurophysiological studies of infants and children.
Habituation is an established tool to investigate specific mark-
ers of behavioural and neurophysiological measures altered in dis-
ease states. Differences in habituation between patients and
controls were found in migraine patients, in persons with autism
spectrum disorder, with schizophrenia and with neurodegenera-
tive disease (McDiarmid et al., 2017). For the field of neurodevelop-
mental research, habituation is particular well suitable because it
can be applied without any specific behavioural response and is
applicable over a wide age range. The recorded neurophysiological
or behavioural correlates of habituation can be therefore used as
markers for a healthy neurophysiological developmental process.
1.3.1. Behavioural habituation measurement
As early as 1963, Sokolov et al. described a decrement of the ori-
enting reflex (a reaction to a novel or significant stimulus) which is
characterized by three criteria: (1) nonspecificity with regard to
the quality of the stimulus, (2) nonspecificity with regard to the
intensity of the stimulus and (3) selectivity of extinction of various
properties of the stimulus with repeated presentation (Sokolov,
1963a). While the term ‘‘extinction” is comparable to ‘‘habitua-
tion”, they used the term ‘‘disinhibition” similar to response recov-
ery (Sokolov, 1963b). The first behavioural habituation studies
were then published in the early 1980s (Schexnider et al., 1981;
Leader et al., 1982b). To obtain higher objectivity in these trials,
visual examination of a predefined behavioural response to a stim-
ulus paradigm was often combined with videotaped recordings or
other technology such as computer assisted recording programs,
ultrasound monitoring of fetal behaviour, assessment of eye move-
ments or fixation time (Groome et al., 1993; Groome et al., 1995;
Leader et al., 1982b; Sommerville and Woodward, 2005). More-
over, implementation of special observer trainings, categorized
documentation systems and calculation of inter-rater reliability
are useful tools for minimizing observer effects that might influ-
ence data evaluation.
Reflexive action that is not controlled by conscious thoughts,
such as the fetal startle response, is a behavioural component to
assess habituation that is present in early fetal development. Its
decrease is deemed a suitable marker for fetal habituation
(Bellieni et al., 2005). The fetal startle response manifests itself
not only by body movements but also by vegetative responses such
as a change in heart rate (Buss et al., 2009; Sandman et al., 1997). A
number of fetal studies therefore combine behavioural assessment
and measurement of heart rate changes using ultrasound or trans-
abdominal transducers (Groome et al., 1993; Leader et al., 1984). A
further method of assessing habituation is to measure fixation time
of participants to visual stimuli. In the past, gaze behaviour was
mainly evaluated by observers. However, nowadays, eye-
tracking-systems enable us to precisely and objectively record
the direction and course of the subject’s gaze (Streri and
Pecheux, 1986).
Besides the reflexes, participants’ conscious actions are an
observable dependent variable in behavioural habituation studies.
Tactile stimulation is a suitable method for examining habituation
in neonates or premature infants and the duration of time that par-
ticipants explore an object in their hands can be used as a marker
for familiarization with its specific features (Lejeune et al., 2012;
Sann and Streri, 2008; Lejeune et al., 2014; Streri and Pecheux,
1986).
1.3.2. Neurophysiological habituation measurement
As technology advanced, the behavioural concept of habituation
was complemented by studies that analyse neurophysiological
activity directly (Weber et al., 2016; Muenssinger et al., 2013c).
Habituation, investigated with neurophysiological measurements,
enables us to examine the underlying neuronal processes responsi-
ble for observable changes in behavioural habituation. In this con-
text, amplitudes of event-related responses are used to detect
habituation criteria analogous to behavioural responses (for
details, see Section 2).
However, to date, most studies investigating habituation have
been based on behavioural observations and only a small number
of studies used neurophysiological measurement methods.
1.4. Objective
The aim of this review was to summarize results of habituation
studies during child development with a focus on neurophysiolog-
ical habituation measurements, based on the analysis of event-
related brain responses.
Particularly during the first years of life, there is progressive
development of the CNS (e.g. myelination, synaptic plasticity, for-
mation of networks). These developmental changes cause changes
in event-related responses (especially alterations in amplitude and
2240 J. Hartkopf et al. / Clinical Neurophysiology 130 (2019) 2238–2254





latency). As the investigation of event-related responses therefore
allows to draw inferences in regard to the development of neural
structures and/or neural functions, a general overview of studies
on ‘‘age-related changes in event-related brain responses” is included.
Here, the focus is on alterations in amplitude and latency linked to
auditory and visual stimulation in the prenatal, postnatal and
childhood period as the analysis of event-related brain responses
is the most common technique for the investigation of neurophys-
iological habituation. We then performed a PubMed search on ‘‘ha-
bituation studies during child development” to analyse different
methods of stimulation, response evaluation and the criteria used
to differentiate between habituation and receptor fatigue. Finally,
having drawn conclusions from the insights of both queries, we
make recommendations for the evaluation of earlier studies and
design of future trials.
2. Methods
This systematic review summarizes research data of studies
investigating the development of event-related brain responses
and habituation during childhood. For this purpose, relevant liter-
ature from the PubMed database was thoroughly reviewed in two
independent searches. To summarize studies relating to ‘‘age-
related changes in event-related brain responses”, a first search with
certain terms ‘‘(development evoked brain response (fetus OR neo-
nate OR children) (electroencephalography OR
magnetoencephalography))” was performed. The term ‘‘evoked”
was sought instead of ‘‘event-related” since use of the former has
become more widespread in the last few decades. A second search
with the terms ‘‘(psychology habituation (fetal OR neonate OR chil-
dren) (human brain))” was used to identify ‘‘habituation studies
during child development”.
Studies resulting from the search ‘‘age-related changes in event-
related brain responses” were screened for the following inclusion
criteria:
! Youngest age group <12 years
! Measurement of brain activity by EEG or (f)MEG
! Developmental processes within research question, including a
comparison between at least two different age groups (cross-
sectional or longitudinal)
! Healthy subjects or healthy control groups (except preterms)
! Original research articles
To enable a better comparison, it is generally established to
label EEG components time-locked to a stimulus by the following
definitions: ‘‘P” or ‘‘N” (P = positivity; N = negativity) combined
with an integer number that approximately represents the mean
latency of occurrence in milliseconds or the component number
(for example ‘‘P100” or ‘‘P1”). Similarly, responses in (f)MEG stud-
ies are typically labelled with ‘‘M” followed by latency in ms or by
component number (for example ‘‘M100”, ‘‘M1”). Moreover, the
respective amplitudes of event-related responses can be analysed.
The typically described and frequently analysed components of a
‘‘Cortical Auditory Evoked Potential” (CAEP) include P1, followed
by N1, P2 and N2 and P300 (Fig. 1). The typical ‘‘Cortical Visual
Evoked Potential” (CVEP) shows components N1, P1, N2 and
P300 (Fig. 2).
In neurophysiological habituation studies, characteristics of
habituation can be observed by changes in amplitudes of event-
related responses elicited by stimuli arranged in habituation para-
digms (Muenssinger et al., 2013b). The observed components
depend on the measurement method, the respective stimulation
modality (auditory/visual/tactile) and the features of applied
stimuli.
Studies resulting from the second search ‘‘habituation studies
during child development” were screened for the following inclusion
criteria:
! Youngest age group <12 years
! Healthy subjects or healthy control groups (except preterms)
! Repeated stimulation with evaluation of response
characteristics
! Original research articles
Reference sections of studies that fulfilled inclusion criteria
were also screened for further potentially relevant articles. Figs. 4
and 5 show the systematic literature review process. Characteris-
tics, methods and results, as well as limitations and perspectives
of exemplary studies, are summarized and discussed in the follow-
ing sections.
3. Results and discussion
To simplify the overview of studies, age was grouped as
depicted in Table 1 (Schneider and Lindenberger, 2012).
3.1. Age-related changes in event-related brain responses
In our first query, we searched for studies investigating event-
related brain responses during child development. Table 2 shows
a total of 85 studies that fulfilled the inclusion criteria for the first
query. The number of participants varied between 10 and 586 with
a median of 56. A longitudinal design (identified by ‘‘*”) was cho-
sen in 13 trials. A total of 72 studies recorded event-related
responses by EEG and 12 studies by MEG or fMEG. One study used
both EEG and MEG (Fig. 6).
Fig. 1. Typical cortical auditory-evoked potential (CAEP) with the most prominent
components P1, N1, P2, N2 and P300.
Fig. 2. Typical cortical visual-evoked potential (CVEP) with the most prominent
components N1, P1, N2 and P300.
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In one study, MEG was complemented with DTI (Diffusion Ten-
sor Imaging), a non-invasive method for determining the anatom-
ical connectivity of different brain regions by tracking white matter
fibres, while another study used MRI alongside MEG to investigate
the anatomical brain structure in more detail (Chen et al., 2010).
Changes in event-related brain responses during child develop-
ment were shown in 73 of 85 studies. These changes may comprise
different aspects of event-related brain responses. For example, an
MEG-study using visual stimulation that compared children and
adults (mean age 11 and 30 years respectively) showed a decrease
Fig. 3. Example for an auditory habituation paradigm. The paradigm enables testing for response decrement, stimulus specificity and dishabituation by presenting spoken
syllables (Hartkopf et al., 2016).
Fig. 4. Flow chart of literature review process and strategy of selection of relevant publications for search ‘‘age-related changes in event-related brain responses”.
Fig. 5. Flow chart of literature review process and strategy of selection of relevant publications for search ‘‘habituation studies during child development”.
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of latency and an increase of response amplitudes with increasing
age (Chen et al., 2010). Although a majority of studies investigated
age-related changes of event-related brain responses in 0–2 year
old children, the changes appeared to persist up until late adoles-
cence (Mahajan and McArthur, 2012). Importantly, fMEG studies
demonstrated that developmental changes are already observable
during the fetal period (Schneider et al., 2004; Eswaran et al.,
2004).
For further investigation, we decided to focus on two compo-
nent ranges: first, developmental changes in the exogenous com-
ponents N1 (first negativity) and P1 (first positivity) and second,
developmental changes in the later components P2, N2 and P300.
3.2. Age-related changes in primary exogenous event-related brain
responses
3.2.1. Auditory P1
Seven studies using auditory stimulation investigated age-
related changes in component P1 (Supplementary Table S2). Two
studies showed that a typical P1 was not identifiable in very young
participants. While one of these studies investigated preterm
infants, and ascertained that the P1 component emerged between
37 and 38 weeks of gestational age, a second trial did not detect the
component until an age of about 5 years (Weitzman et al., 1967;
Lippe et al., 2009). However, different kinds of stimulation were
used. The three studies analysing latency reported a decrease of
latency with increasing age. Stimulation features such as inter-
stimulus interval (ISI) and stimulus onset asynchrony (SOA) also
have an influence on the latency and amplitude of the P1
component.
3.2.2. Auditory N1
Four studies investigated changes of the N1 component by com-
paring latencies and/or amplitudes between different age groups
(Supplementary Table S3). However, these studies all differed with
respect to the stimulation applied. Two studies showed an increase
of the N1 amplitude. In one of these two trials, a go-/no-go task and
a stop-signal-task were presented to children between seven and
nine years of age, and the increase of amplitude was detectable
only for auditory stop-signals in the parietal region (Johnstone
et al., 2007). The second study showed an increased amplitude of
evoked responses after presenting pure tones and syllables in chil-
dren and adolescents aged between 10 and 18 years than in adults
(Mahajan and McArthur, 2012). A further study, in which clicks
were used to stimulate a younger group of children between 23
and 47 weeks of age, reported a decrease in latency (Weitzman
et al., 1967). Sussman et al. investigated the influence of different
kinds of pure tones with changing stimulation paradigm features
(Sussman et al., 2008). Differences in amplitude and latency
between age groups were, however, not statistically analysed and
the N1 component, which was probably dependent on the stimulus
rate, was visible in only a small number of the participants aged
between 8 and 11 years.
The latency of the early auditory components P1 and N1 as
exogenous components showed a tendency of becoming shorter
as age increased. From the 11 studies that investigated either the
auditory component N1 or P1, five studies confirmed this tendency
by statistical analysis. Due to the fact that the focus was on
changes in amplitudes, latency was not analysed in the other six
studies. The phenomenon of a decrease of latency with age could
be explained by the myelination of nerves that accelerates conduc-
tion (Pihko et al., 2009).
Findings were diverse with regard to the amplitudes of event-
related responses. Most trials included participants of various age
ranges, and almost all of the studies used different kinds of stimuli
and stimulation paradigms. Given that age is associated with the
degree of maturity of the CNS and that the applied stimulation
impacts the elicited event-related responses, the lack of a develop-
mental trend in amplitude heights of the compiled studies seems
natural.
3.2.3. Visual N1
In all four studies, an age-dependent decrease in latency of the
visual N1 was shown independent of the kind of stimulation and
age of the participants (Supplementary Table S4). One of the stud-
ies also detected an increase in the amplitude of N1 with age; in
the other trials there was no consistent age-related effect on the
amplitude of N1. (Hirai et al., 2009; Lippe et al., 2007; Tremblay
et al., 2014). In addition to stimulation type and age, the hemi-
sphere under investigation seemed to have an influence on the
amplitude and its potential developmental changes, thus con-
tributing to the heterogeneous results.
3.2.4. Visual P1
Four out of eight studies observed a decrease in latency of the
visual P1 with increasing age, while one showed only a partial
decrease (Supplementary Table S5). An increase in amplitude
was shown in only two studies, one of which did not perform a sta-
tistical test for significance. Five trials reported a decrease in
amplitude as age increased. This observation was independent of
stimulation conditions (all five studies applied different stimuli)
and observable over various age groups. In three of these five stud-
ies, participants were six years of age and older, while very young
participants (aged between 0 and 2 years) were investigated in the
other two studies.
The type of visual stimulation varied in all five studies and an
influence of stimulus complexity on the development of the com-
ponent P1 can be excepted (Sokol and Jones, 1979). The diversity in
age of the participants and the methodical differences of condi-
tions mean that it is difficult to draw a firm conclusion with regard
to the developmental changes observed in visual P1.
3.3. Age-related changes in primary endogenous event-related brain
responses
3.3.1. Auditory P2
The four studies that investigated auditory P2 did not show con-
sistent results with regard to age-related changes (Supplementary
Table S6). P2 component appears to become more prominent dur-
ing the first months of life and is influenced by the type of stimu-
lation (Lippe et al., 2009). SOA levels of pure tones, as well as
different conditions at a go-/no-go-task (response inhibition vs.
response execution) affect the P2 (Sussman et al., 2008;
Johnstone et al., 2007). Although amplitude of P2 was found to
increase in one study stimulating with broadband noise, the P2
did not emerge until about the fifth year of life. Only one study car-
ried out with premature infants registered a decrease in latency of
P2 with increasing age within the first weeks after birth
(Weitzman et al., 1967).
Table 1
Age-group classification of study populations.
Age category Age in years Developmental stage
1 <0 Fetal
2 0–2 Earliest childhood
3 2–6 Early childhood
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Age-related changes in event-related brain responses. Columns represent number of subjects (N), method of event-related brain response evaluation, the respective age groups
and whether or not a developmental trend could be observed. Asterisks (*) indicate studies that used a longitudinal design; EEG = electroencephalography; MEG = magne-
toencephalography; DTI = diffusion tensor imaging; MRI = magnetic resonance imaging; PCA = principal component analysis; n.a. = not applicable.












(Agyei et al., 2016)* 20 EEG x yes endogenous
(Anderson et al., 2015) 28 EEG x yes exogenous (brainstem)
(Atchley et al., 2006) 29 EEG x x x yes endogenous
(Babkirk et al., 2015)* 32 EEG x x n.a.
(prediction)
endogenous
(Brinkman and Stauder, 2007) 112 EEG x x x yes exogenous
(Brinkman and Stauder, 2008) 122 EEG x x x yes exogenous
(Brusini et al., 2016) 45 EEG x x n.a. endogenous
(Butler and Trainor, 2013) 60 EEG x yes exogenous
(Byrne et al., 1999) 56 EEG x x x yes endogenous
(Chan et al., 2015) 44 EEG x x yes exogenous/endogenous
(NF, P1, N1)
(Chen et al., 2010) 80 MEG/MRI x x x yes exogenous
(Chevalier et al., 2015) 64 EEG x x yes endogenous
(Cho et al., 2015) 188 EEG x x x yes not relevant (frequency
domain)
(Clery et al., 2012) 24 EEG x x x yes exogenous
(Cody and Townsend, 1973) 179 EEG x x x no exogenous/endogenous
(Cragg et al., 2009) 56 EEG x yes endogenous
(Cummings et al., 2008) 28 EEG x x yes endogenous
(Davies et al., 2004a) 124 EEG x x x yes endogenous
(Davies et al., 2004b) 153 EEG x x x yes endogenous
(Eswaran et al., 2004) 12 fMEG x yes endogenous
(Eswaran et al., 2005) 11 fMEG x n.a. unclear
(Fabrizi et al., 2011) 46 EEG x yes exogenous/endogenous
(Fox et al., 2010) 43 EEG x x x yes exogenous
(Friedrich and Friederici, 2005) 113 EEG x x yes endogenous
(Fuchigami et al., 1993) 175 EEG x x x x yes endogenous
(Fuchigami et al., 2009) 99 EEG x x x x yes endogenous
(Fujioka et al., 2006)* 12 MEG x x yes exogenous/endogenous
(Gebuis et al., 2009) 51 EEG x x x yes endogenous
(Gorga et al., 1989) 535 EEG x x yes exogenous
(Hadley et al., 2015)* 70 EEG x x n.a. (training
and follow up)
exogenous/endogenous
(He et al., 2015) 30 MEG x x yes exogenous/endogenous
(M100, M170)
(Hirai et al., 2009) 60 EEG x x yes exogenous/endogenous
(Jansen-Osmann and Heil, 2007) 72 EEG x x x yes endogenous
(Jeng et al., 2010) 18 EEG x x no not relevant (frequency
domain)
(Johnstone et al., 2007) 24 EEG x x yes exogenous/endogenous
(Jonkman et al., 2003) 25 EEG x x yes endogenous
(Kihara et al., 2010) 178 EEG x x yes exogenous/endogenous
(Kimura et al., 2004) 24 MEG/EEG x x x yes exogenous
(Kujawa et al., 2015)* 559 EEG x x n.a. endogenous
(Kushnerenko et al., 2001) 18 EEG x x n.a. endogenous
(Lamm and Lewis, 2010) 49 EEG x x x no endogenous
(Lasky, 1984) 40 EEG x x yes exogenous
(Lauronen et al., 2006) 41 MEG x x yes exogenous
(Lee et al., 2012) 218 EEG x x x x yes exogenous
(Lippe et al., 2007) 79 EEG x x x yes exogenous/endogenous
(Lippe et al., 2009) 40 EEG x x x yes exogenous/endogenous
(Lo et al., 2013) 50 EEG x x yes endogenous
(Mahajan and McArthur, 2013) 100 EEG x x x yes exogenous
(Marinovic et al., 2014) 66 EEG x x yes endogenous
(McIntosh et al., 2008) 79 EEG x x x yes (in PCA) exogenous
(Mecklinger et al., 2011) 52 EEG x x yes endogenous
(Missana and Grossmann, 2015) 40 EEG x yes not relevant
(frequency domain)
(Missana et al., 2015) 40 EEG x yes endogenous
(Muenssinger et al., 2013a)* 62 fMEG x x n.a. unclear
(Ojima et al., 2011)* 80 EEG x x x yes endogenous
(Paquette et al., 2013) 40 EEG x x x x yes exogenous
(Pihko et al., 2009) 51 MEG x x x x yes exogenous
(Pincham et al., 2015) 60 EEG x x yes endogenous
(Putkinen et al., 2014a) 117 EEG x x yes endogenous
(Putkinen et al., 2014b)* 133 EEG x x yes endogenous
(Richards, 2000) 35 EEG x yes exogenous
(Richardson et al., 2011) 77 EEG x no exogenous/endogenous
(Roberts et al., 2009) 26 MEG, DTI x x yes exogenous
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There is no consistency in age-dependent latency changes of N2
(Supplementary Table S7). Four of the seven studies investigating
the N2 showed that the development of this component is depen-
dent on the type of stimulus and the location of the electrodes. A
decrease in latency was registered in one study only; all other
studies found no consistent trend. Changes in amplitude are also
heterogeneous. Two studies found no consistent changes, while
two others reported that amplitude decreased as age increased.
3.3.3. Auditory P300
Development of auditory P300 was analysed in six trials (Sup-
plementary Table S8). Albeit a decrease in latency with increasing
age was found in three trials, two of these showed only a partial
decrease, depending on what stimulation was applied. By contrast,
one study showed an increase in latency. An increase in amplitude
was observed in four studies, even though these changes depended
on the kind of stimuli applied. The auditory P300 is supposed to
represent higher cognitive processes related to working memory
Table 2 (continued)












(Rojas et al., 1998) 22 MEG x x yes exogenous
(Rojas-Benjumea et al., 2015) 176 EEG x x x yes endogenous
(Rueda et al., 2004) 40 EEG x x yes exogenous/endogenous
(Santesso et al., 2006) 67 EEG x x yes endogenous
(Schipke et al., 2011) 87 EEG x x yes endogenous
(Schipke et al., 2012) 109 EEG x x x yes endogenous
(Shafer et al., 2000) 78 EEG x x x yes endogenous
(Skoe et al., 2015) 586 EEG x x x x x yes exogenous (brainstem)
(Sussman et al., 2008) 61 EEG x x x yes exogenous/endogenous
(Tremblay et al., 2014) 72 EEG x yes exogenous/endogenous (N1)
(Uppal et al., 2016) 53 EEG x x yes exogenous/endogenous
(van den Boomen et al., 2014) 111 EEG x x yes exogenous/endogenous
(van der Meer et al., 2012)* 10 EEG x yes endogenous
(Vanvooren et al., 2015) 67 EEG x x yes not relevant (frequency
domain)
(Vuillier et al., 2016) 37 EEG x x yes endogenous
(Wakai et al., 2007)* 17 MEG x yes endogenous
(Waxer and Morton, 2011a) 80 EEG x x x yes exogenous/endogenous
(Weitzman et al., 1967)* 25 EEG x yes exogenous/endogenous
(Yordanova and Kolev, 1996) 80 EEG x x yes not relevant (frequency
domain)
(Yoshimura et al., 2014)* 20 MEG x x yes exogenous
(Yrttiaho et al., 2014)* 125 EEG x n.a. endogenous
(Zemon et al., 1997) 40 EEG x x x x x yes not relevant (frequency
domain)
Fig. 6. Overview on studies from the search ‘‘age-related changes in event-related brain responses”. Applied methods and the investigated components of the event-related
responses are displayed. *including brain-stem responses.
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such as context information, recognition or categorisation (Duncan
et al., 2009). The development of this component is assumed to
continue until at least adolescence.
3.3.4. Visual N2
The visual N2 was taken into consideration in twelve studies
and was therefore the most frequently investigated component
(Supplementary Table S9). An age-related decrease in latency
was observed in six studies, however, in four of these trials the
investigated age groups had a difference of at least six years. A
decrease in latency of N2 with increasing age therefore seems to
occur relatively slowly (Luck and Kappenman, 2011).
Although an increase of amplitude was established in four stud-
ies, one did not report a statistical test for significance (Waxer and
Morton, 2011b). A further six studies registered a decline or no
change of amplitude. It is, therefore, not possible to draw any con-
clusions about developmental changes in amplitude of the visual
N2 component.
3.3.5. Visual P300
Visual P300 component was analysed in five studies (Supple-
mentary Table S10). The majority of the studies that investigated
P300 used go-/no-go or novel-target detection stimulation para-
digm. One study, which used a congruency/incongruency task as
its stimulus, observed a decrease in latency with age (Rueda
et al., 2004). An increase in amplitude was detected in another
study that investigated novelty processing by presenting faces
and patterns (Kihara et al., 2010). None of the other trials showed
consistent results for either a decrease in latency or/and an
increase in amplitude for the visual event-related P300 compo-
nent. The visual P300 is presumably influenced by memory and
attention processes (Polich, 2007). The low number of studies
and the inconsistent results do not permit us to make any valid
conclusion with regard to developmental trends of the P300. Fur-
thermore, the complex and diverse stimulation paradigms compli-
cated the comparison and conclusions from these results.
3.4. Habituation studies during child development
In our second quest, we searched for studies that evaluated
habituation during child development. Table 3 summarizes a total
of 52 studies and shows the methods applied, type of stimulation
and types of habituation criteria tested (Supplementary Table S1).
3.4.1. Participants
A total of 15 of the habituation studies were fetal studies, while
27 studies investigated habituation in infants aged between 0 and
2 years and a further 4 studies examined both fetuses and infants
aged between 0 and 2 years. In all, 46 of the 52 trials investigated
participants between fetal age and 24 months, thus supporting the
particular suitability of habituation for the examination of early
learning capability and – directly with measurement of brain activ-
ity or indirectly by behavioural analysis – for drawing conclusions
about the function of the developing CNS.
3.4.2. Stimulation
Most studies used visual or auditory stimulation (14 visual
stimulation, 21 auditory or vibroacoustic stimulation). Tactile/
vibrotactile stimulation (passive as well as active) was applied in
11 trials, one of which also combined tactile stimulation with
visual stimulation. Six studies applied a combination of visual
stimulation and auditory stimulation. In addition to response
decrement following repeated stimulation, which was analysed
in all of the studies, 26 trials also analysed stimulus specificity.
The criterion of response decrement was found to be fulfilled in
35 of the trials, and partially fulfilled in 13 of the studies.
Twenty-eight of the studies tested for two criteria (response decre-
ment & stimulus specificity, response decrement & dishabituation
or response decrement & spontaneous recovery). Of these, 12
reported that both criteria were fulfilled. Habituation paradigms,
which allow the investigation of three or more habituation criteria,
were used in only 5 trials. In a tactile habituation study, Marcus
et al. ascertained that premature infants already show response
decrement, stimulus specificity and dishabituation to a wooden
object (Marcus et al., 2012). The authors concluded that premature
infants already display developed skills of memorization, discrim-
ination and recognition to tactile explored objects. In a fetal beha-
vioural habituation study, Leader et al. investigated 40 fetuses with
vibrotactile stimulation and found evidence of habituation and
dishabituation (Leader et al., 1982a). The paradigm design would
even have been suitable to test for stimulus specificity, but this
step was not performed since the data had not been analysed for
this purpose.
3.4.3. Neurophysiological habituation studies
Of all the studies that fulfilled the inclusion criteria, habituation
was analysed by direct visual observation of behavioural responses
(including videotaped recordings and observation by ultrasound)
in 38 studies. Eight studies evaluated changes in heart rate partly
in combination with other response types such as respiration or
behavioural observation. The neurophysiological activity was
directly measured during the habituation procedure to examine
habituation criteria in only 8 studies (Table 4).
The first habituation study we identified that used a neuroimag-
ing method was published in the early 1990s and recorded event-
related brain responses in children by EEG (McIsaac and Polich,
1992). Beside MEG or fMEG, EEG is still the most widely used neu-
rophysiological approach in habituation studies. Besides its feasi-
bility, the applied method depends on the aims of a study and
the respective trial design. EEG, which is feasible in children and
adults, is suitable not only for the measurement of temporal
dynamics of event-related brain responses but also for examining
spatial information by comparing signals at different electrodes.
In the search, three EEG studies were found to investigate habitu-
ation in children. The study populations of these three studies var-
ied between preterm infants, babies, children and adolescents and
investigated habituation in different components of the event-
related brain responses, depending on the kind of stimulation
and the research question. To compare habituation in 10 infants
of approximately 6 months of age with that of a group of 10 young
adults, McIsacc et al. chose a paradigm that uses single tones pre-
sented in sequences (McIsaac and Polich, 1992). The component
P300 was found to have a similar morphology in both groups,
but peaked earlier and with lower amplitudes in infants than in
adults, indicating a developmental effect. Interindividual differ-
ences in P300 were more pronounced in infants. There was no sig-
nificant response decrement to repeated stimulation in either the
group of infants or within young adults. The authors therefore sug-
gested that the kind of stimulation (a passive stimulation para-
digm) and the related attention processes inhibited response
decline. However, the small sample size limited the generalisabil-
ity of these results.
Kropp et al. used an auditory two-stimulus reaction time go/no-
go task to examine habituation in migraine and healthy partici-
pants (Kropp et al., 1999). The early component of contingent neg-
ative variation (called iCNV) following the reaction to the go-
stimulus was investigated. Response decrement in healthy chil-
dren was not shown, whereas healthy adults habituated to the
stimulation.
The third EEG-study, conducted by Weber et al., examined
habituation in 17 healthy preterm infants and 16 term infants with
an auditory oddball-paradigm (Weber et al., 2016). The mismatch
2246 J. Hartkopf et al. / Clinical Neurophysiology 130 (2019) 2238–2254
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negativity (MMN) component in both groups was investigated at
the term-equivalent age of approximately 40.8 weeks of GA. The
MMN is assumed to reflect a pre-attentive cognitive discrimination
capacity. No significant differences in MMN amplitude and latency
between preterm and term infants were found. However, response
decrement and stimulus specificity were found in both groups. It is
also interesting to note that the authors were able to show a pos-
itive correlation between habituation and the scores of a develop-
mental follow-up assessment at approximately 20 months of age
in both preterm and term infants.
While the above studies examined endogenous components
and MMN, the remaining five developmental related habituation
studies analysed exogenous components of event-related brain
responses. One research question in the neurophysiological habit-
uation field addressed whether exogenous components, also
referred as early components, actually show habituation or if a
response decline is potentially caused by adaptation phenomena
like refractoriness processes or sensory fatigue (Barry et al.,
1992; Verbaten et al., 1986; Budd et al., 1998). However, there is
evidence that habituation occurs also in early components, like
N1/P1. In adults, for example, habituation of visual N1 was shown.
By using a long, varying ISI, refractoriness could be excluded as rea-
son for response decline, since the length of the ISI exceeded the
refractory time (Verbaten et al., 1986). It should be mentioned that
the variation of the length of the ISI influences the amplitudes of
event-related responses and is in general a factor known to influ-
ence neurophysiological habituation (Pereira et al., 2014; Miltner
et al., 1991). The length of the ISI can modulate how fast habitua-
tion occurs and how long the effects persist (Fruhstorfer et al.,
1970; Gatchel, 1975; Davis, 1970). Habituation of auditory N1
was moreover shown by Woods and Elmasian, presenting speech
sounds and tones (Woods and Elmasian, 1986). Here, the long
ISI-condition (1000 ms duration) should be long enough to enable
recovery of N1 (Cowper-Smith et al., 2013). The applied paradigm
allowed testing for stimulus specificity that was shown addition-
ally to response decrement. The authors examined habituation of
N1 by comparing amplitudes of responses and stimulus-
specificity across stimulation blocks. This procedure served as a
further criterion to exclude adaptation, as the time interval
between blocks is usually longer than the ISI.
An MEG-study by Muenssinger et al. examined auditory habit-
uation of component M1 in a sample of 29 children and 14 adults
(Muenssinger et al., 2013c). The habituation paradigm consisted of
five equal tones, with an inserted different tone followed by two
tones as previously, to allow assessment of response decrement,
stimulus specificity and dishabituation following the recommen-
dations of Rankin et al. (2009). Response decrement caused by sen-
sory adaption or neuronal fatigue is implausible using this
approach, if several habituation criteria are met. In the group of
children, none of the three tested habituation criteria within-
trains could be confirmed and only response decrement across
the stimulation blocks was found. By comparison, the adult group
showed response decrement and stimulus specificity within-
blocks. Rankin et al. describe stimulus specificity next to
frequency-dependent spontaneous recovery as an appropriate
marker to prove for habituation (see Supplementary Table S1)
(Rankin et al., 2009). The study by Muenssinger et al. also sug-
gested that developmental changes occur in habituation processes
across different age groups, as supported by the diverse results in
children and adults.
Four neurophysiological habituation studies measured event-
related responses with fMEG, where the first detectable peak is
examined. This can be interpreted as early component. Sheridan
et al. presented repeated trains of four light flashes to 25 fetuses
and 12 newborns (Sheridan et al., 2008). In the group of neonates,
all infants with detectable event-related responses (9 out of 12)
showed a decline in amplitude from the first to the last flash of
light. About a third of the fetuses showed detectable event-
related response components with a decrement after the first stim-
ulus. The ISI between the stimuli in a block with two seconds
should enable recovery of the measured component, however,
there is little knowledge about the recovery time of event-related
components in fetuses. The second fMEG visual habituation study





Kind of stimulation Tested habituation criteria and
results (fetuses and infants
only)
Study population
(Hartkopf et al., 2016)* fMEG auditory event-
related response
auditory (syllables) response decrement (X),
stimulus specificity (P),
dishabituation (X)
30 fetuses (GA: 28–39 weeks), 28 infants
(age: 0–3 months)






response decrement (X) 86 children (age: 8–14 years), 27 youths
(age: 15–19 years), 207 adults






40 fetuses (GA: 30–38 weeks),
26 newborns (age: 6–35 days)
(McIsaac and Polich, 1992) EEG P300 auditory (blocks
consisting of 10-tone
sequences)
response decrement (X) 10 infants (mean age: 6.6 months,
SD = 0.49), 10 adults (mean age:
19.8 years, SD = 0.98)
(Muenssinger et al., 2013b) fMEG auditory event-
related response
auditory (pure tones) response decrement (P),
stimulus specificity (Y),
dishabituation (X)
41 fetuses (GA: 30–39 weeks), 22
newborns or babies (age: 6–89 days)
(Muenssinger et al., 2013c) MEG M1 component auditory (tones) response decrement (P),
stimulus specificity (X),
dishabituation (X)
29 children (mean age: 9.69 years,
SD = 0.47), 14 adults (mean age: 29.29,
SD = 3.47)
(Sheridan et al., 2008)* fMEG visual event-
related response
visual (light flashes) response decrement (P) 25 fetuses (GA: 29–37 weeks),
12 newborns (age: 6–22 days)







17 healthy preterm infants (mean GA:
27.4 weeks, range 25.0–31.3), 16 term
infants (mean GA: 40.3 weeks, range
37.9–41.7)
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of the recent study by Matuz et al. (2012) and Sheridan et al.
(2008). In the light flash paradigm, a burst tone was also imple-
mented to allow the examination of stimulus specificity. Moreover,
two different conditions of inter-train-interval (ITI) duration were
implemented to exclude sensory fatigue. In neonates, under the
long ITI condition, both response decrement and stimulus speci-
ficity could be shown. However, in fetuses, the response rates to
the visual stimuli were at a similarly low level as in the study of
Sheridan et al. and habituation was not demonstrated consistently
(Sheridan et al., 2008). Muenssinger et al. conducted an fMEG
study for fetuses and neonates with an auditory habituation para-
digm consisting of eight pure tones with one inserted deviant in
place of the sixths tone similar to the paradigm as depicted in
Fig. 3 (Muenssinger et al., 2013b). The paradigm allowed investiga-
tion of response decrement, stimulus specificity and dishabitua-
tion. A significant response decrement between the second and
the last tone was detected in fetuses, and stimulus specificity
was present in both fetuses and neonates. Dishabituation was
found neither in fetuses nor in neonates. In a further fMEG study,
an auditory habituation paradigm (Fig. 3) consisting of syllables
was presented to fetuses and neonates (Hartkopf et al., 2016).
Stimulus specificity was demonstrated in neonates only; neither
response decrement nor dishabituation could be shown in either
age group.
Generally, in future research of neurophysiological habituation
studies, the impact of adaptation phenomena on response decre-
ment should be consequently excluded by testing for stimulus
specificity and dishabituation. Furthermore, the influence of the
ISI should be investigated systematically in this context, with a dif-
ferentiation of early and late components during child
development.
3.4.4. Longitudinal studies
Habituation is widely accepted as a suitable tool for the inves-
tigation of the development of early cognitive skills (for example
cognitive encoding, information processing skills, discrimination
and memory; for a review, see (Kavsek and Bornstein, 2010). Lon-
gitudinal designs are particularly suitable for investigating devel-
opment, for example the timing of specific cognitive changes
during childhood. None of the eight neurophysiological habitua-
tion studies used the same stimulation paradigm to compare
changes in neural correlates from more than two time-points dur-
ing child development. Further studies should seek to bridge this
gap, even if longitudinal research is more time-consuming than
cross-sectional studies.
4. Conclusion
In this review, we aimed to collect and describe studies investi-
gating habituation in the context of developmental processes in
growing children with an emphasis on neurophysiological habitu-
ation measurements, based on the analysis of event-related brain
responses.
Age-related changes of event-related brain responses them-
selves are linked to an increasing maturity of the sensory organs
and the central nervous system and, indeed, a large number of
the reviewed studies reported age-related changes in components
of event-related responses (Birbaumer and Schmidt, 2006). How-
ever, the developmental changes observed were not consistent.
Although general trends such as a decrease in latency and an
increase in amplitude, which can reflect structural or functional
maturation processes of the CNS (e.g. increasing myelination or
formation of neural networks) are presumed to exist particularly
in exogenous components, it is challenging to confirm this on the
basis of the studies included in our review. The diversity in meth-
ods, selected age groups, chosen stimulation paradigms and inves-
tigated components, drastically restricts the comparability of the
results.
To facilitate better comparability, the studies were divided
according to specific methodical characteristics: a) the kind of
investigated component(s) (exogenous versus endogenous compo-
nents) and b) the stimulus modality (auditory versus visual). In
addition, the separate components of the typical CAEP and CVEP
were taken into consideration. However, even this differentiated
overview did not lead to a generally valid statement about devel-
opmental trends in components of event-related brain responses.
Nearly all of the included studies used different stimuli/stimu-
lation paradigms, investigated participants in different age groups
and analysed their data on the basis of various methods. Besides
the age of participants – and hence the state of maturity of the
CNS – changes in event-related brain responses are strongly
related to different types of stimulation. Fuchigami et al., for exam-
ple, showed that response latencies decreased more rapidly with
increasing age for complex stimuli than for simple tones
(Fuchigami et al., 2009). Moreover, further attributes of the stimuli
such as novelty, the emotional context or spatial motion impacted
characteristics of event-related brain responses during develop-
ment (Kihara et al., 2010; Mecklinger et al., 2011; Lamm and
Lewis, 2010; van der Meer et al., 2012). This wide range of different
study designs and methods limits the interpretation of develop-
mental trends of event-related brain responses or their compo-
nents and does not endorse a general trend in developmental
changes of latency and amplitude during childhood.
Habituation, a basic form of learning, which is manifest very
early in development, is a concept to assess cognitive function. It
can be measured by two main approaches: the observation of
behavioural changes and neurophysiological measurements of
event-related brain responses, which enable for a direct evaluation
of brain developmental processes. Components of event-related
responses measured by EEG and (f)MEG/MEG seem to be suitable
for investigating changes in habituation during child development.
Studies with fetuses demonstrated that brain responses to auditory
and visual stimulation are already measurable during the third tri-
mester of pregnancy, meaning that it is possible to investigate
event-related brain responses from an early stage of development.
It should be mentioned that fMEG as measuring method has some
limitations, for example a low signal-to-noise ratio or the sensitiv-
ity to environmental artefacts. The stimuli should meet certain cri-
teria so that they can be perceived by the fetus through tissue
layers and amniotic fluid. Therefore, visual light stimuli need to
be in a defined range of wavelenghts and auditory stimulation in
a certain range of frequency to ensure a satisfactory transferability
(Preissl et al., 2004; Sheridan et al., 2010). Most of the habituation
studies examining changes in latency and amplitude of event-
related responses or their particular components in different age
groups found differences that were possibly related to age-
dependent stimulus processing. However, it is still difficult to rule
out whether other variables, such as the type and the context of the
applied stimuli, the examined brain region and the selection of the
analysed components impact the results. Unlike behavioural habit-
uation studies, the number of neurophysiological habituation stud-
ies remains low.
To rule out sensory fatigue as the driving mechanism for
response decrement, habituation studies should use at least three
of the postulated habituation criteria: ‘‘response decrement”,
‘‘stimulus specificity” and ‘‘dishabituation”. Despite the fact that
these criteria can be easily implemented in most habituation para-
digms, only very few of the included studies used all them. A large
number of studies that do not examine these criteria thus lose
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quality, as it is not possible to draw clear conclusions about habit-
uation as a driving mechanism for response decrement. This
should be also taken into account in future habituation studies.
Despite the large number of studies investigating event-related
brain responses and habituation in early development, it is cur-
rently not possible to make any conclusive statements about devel-
opmental trends. This is mainly due to the fact that stimulation
protocols are very diverse. More consistent stimulation paradigms
are needed to replicate findings and to better compare different
study populations. An interesting issue would also be the combina-
tion of behavioural and neurophysiological habituation assessment
in order to compare results of both approaches directly with each
other. Ultimately, more trials with longitudinal designs are needed
to provide clearer information about maturational changes of
event-related responses during the process of growing up.
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Table S1: Revised version of Thompson & Spencer’s (1966) criteria for habituation 
(Rankin et al., 2009) 
 
Characteristic Definition 
#1 “Repeated applications of a stimulus result in a progressive decrease in 
some parameters of response to an asymptotic level. This change may 
include decreases in frequency and /or magnitude of the response. In 
many cases, the decrement is exponential, but it may also be linear; in 
addition, a response may show facilitation prior to decrementing 
because of (or presumably derived from) a simultaneous process of 
sensitization.” 
#2 “If the stimulus is withheld after response decrement, the response 
recovers at least partially over the observation time (“spontaneous 
recovery”) 
#3 “After multiple series of stimulus repetitions and spontaneous 
recoveries, the response decrement becomes successively more rapid 
and/or more pronounced.” 
#4 “Other things being equal, more frequent stimulation results in more 
rapid and/or more pronounced response decrement, and more rapid 
spontaneous recovery (if the decrement has reached asymptotic levels). 
“ 
#5 “Within a stimulus modality, the less intense the stimulus, the more rapid 
and/or more pronounced the behavioral response decrement. Very 
intense stimuli may yield no significant observable response 
decrement.” 
#6 “The effects of repeated stimulation may continue to accumulate even 
after the response has reached an asymptotic level (which may or may 
not be zero, or no response). This effect of stimulation beyond 
asymptotic levels can alter subsequent behavior, for example, by 
delaying the onset of spontaneous recovery.” 
#7 “Within the same stimulus modality, the response decrement shows 
some stimulus specificity. To test for stimulus specificity/stimulus 
generalization, a second, novel stimulus is presented and a comparison 
is made between the changes in the response to the habituated stimulus 
and the novel stimulus.” 
#8 “Presentation of a different stimulus results in an increase of the 
decremented response to the original stimulus. This phenomenon is 
termed “dishabituation”. “ 
#9 “Upon repeated application of the dishabituating stimulus, the amount 
of dishabituation produced decreases (this phenomenon can be called 
habituation of dishabituation).” 
#10 “Some stimulus repetition protocols may result in properties of the 
response decrement (e.g. more rapid rehabituation than baseline, 
smaller initial responses than baseline, smaller mean responses than 
baseline, less frequent responses than baseline) that last hours, days 












Table S2: Developmental trends in latency and amplitude of auditory P1 component  
SOA = stimulus onset asynchrony; ISI = inter stimulus interval. 
 
Auditory P1 






(Kihara et al., 2010) tones yes no decrease in amplitude 





not analysed not analysed influence of tone duration 
and ISI 
(Lippe et al., 2009) broadband noises not analysed yes P1 (0-5.5 years) is not 
identifiable in children up to 
5 years of age 
(Mahajan and 
McArthur, 2012) 
pure tones and 
syllables 
yes no decrease in amplitude 
(Sussman et al., 
2008) 
two pure tones, 4 
SOA-levels 
yes not consistent latency longer with faster 
SOA; largest amplitude 
with 8 years, decrease until 
16 years, dependent of 
SOA 
(Weitzman et al., 
1967) 
clicks not analysed not analysed P1 absent in premature 




Table S3: Developmental trends in latency and amplitude of auditory N1 component  
SOA = stimulus onset asynchrony. 
 
Auditory N1 












not consistent  increase in amplitude in 
parietal region only for stop-
signals; tendency to a linear 
decrease with increasing age 
for go-trials (frontal region). 
(Mahajan and 
McArthur, 2012) 
pure tones and 
syllables 
yes yes  
(Weitzman et al., 
1967) 
clicks yes   not analysed investigation of preterm infants 
(Sussman et al., 
2008) 




not analysed N1 in children absent, N1 later 




Table S4: Developmental trends in latency and amplitude of visual N1 component 
 
Visual N1 







point light walker yes (linear decrease) not 
consistent 
amplitude larger in 7-year- olds 
and adults than in   
9-, 10-, & 11-year-olds (left 
hemisphere). In the right 
hemisphere significantly larger in 
the 7-year-olds and adults than in 
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  the 11-year-olds and in the adults 





yes, to 24-66 
months, then adult 
level is reached 
not 
consistent 
amplitude appears around 2 
months of age and increases from 
7 to 12 months. Decrease from 12 
to 66 months. 
(Rueda et 
al., 2004) 




sine wave grating, 3 
conditions 




Table S5: Developmental trends in latency and amplitude of visual P1 component 
 
Visual P1 







(Hirai et al., 
2009) 
point light walker no no decrease in amplitude 
 
(Lee et al., 
2012) 
pattern reversals yes not analysed  
(Lippe et al., 
2007) 
checkerboard reversals not consistent yes   
(McIntosh et 
al., 2008) 
face recognition task yes yes not tested for significance 
(Richards, 
2000) 
black and white pattern, 
changing 
no no decrease in amplitude (age 





dimensional change card 
sort task (congruency 
effects) 
not analysed no decrease in amplitude 
(van den 
Boomen et al., 
2014) 
texture segmentation task yes no decrease in amplitude 7/8- 








Table S6: Developmental trends in latency and amplitude of auditory P2 component  
SOA = stimulus onset asynchrony. 
 
Auditory P2 















No increase in latency for go-trials 
(Lippe et al., 2009) broadband noise not 
analysed 
yes P2 (0-5.5 years) is not identifiable 
in children up to 5 years of age 
(Sussman et al., 
2008) 




not analysed P2 dependent of SOA-levels (200 
ms, 600 ms, 800 ms.) 
(Weitzman et al., 
1967) 
clicks yes not analysed investigation of preterm infants; 35-
37 weeks postconceptional age: P2 
becomes more prominent 
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  Table S7: Developmental trends in latency and amplitude of auditory N2 component 












Other changes/additional information 
 







no amplitude and latency to both no-go and 
successful stop stimuli decreased linearly 
with age, but not in the frontal regions 
(Lippe et al., 
2009) 




no linear changes in amplitude and 





not analysed not 
analysed 
influence of tone duration on morphology 
of event-related response was analysed in 
newborns and adults 











no linear trend. Latency of infrequent 
stimulus was longer for children aged 4–5 
years compared to 6–7 years and 8–9 
years, but not with age group 10–12 
years.  
Largest amplitude in frequent stimuli in 
children aged 6–7 years compared to 4/5-
year-olds and 10–12-year-olds, but not 
8/9- year-olds (p = 0.175, ns).  
(Sussman et al., 
2008) 




No latency decrease from 8 to ten years. 
Amplitude smaller in adolescents than in 
8-11-year-olds (interacted with electrode), 
dependent of SOA condition 







investigation of preterm infants 





nt (white noise) 




Table S8: Developmental trends in latency and amplitude of auditory P300 component 
 
Auditory P300 

























yes (to no-go 
signal) 
yes (for successful stop-
trials, go-trials, failed stop 
trials, dependent of scalp 
region) 
 







no yes increase in latency 
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yes no  





not analysed yes Exercise 
 
 
Table S9: Developmental trends in latency and amplitude of visual N2 component 
 
Visual N2 







(Hirai et al., 
2009) 
point light walker no no   
(Cragg et al., 
2009) 
go/no-go paradigm yes no  
(Jonkman et al., 
2003) 
go/no-go paradigm not analysed no  
(Kihara et al., 
2010) 




no decrease in latency 




go/no-go paradigm (emotion 
inducing) 
not analysed no amplitude marginally 
decreased 
(Lippe et al., 
2007) 
pattern reversals yes no decrease in amplitude 
towards adulthood 
(Rueda et al., 
2004) 
flanker task (congruency) yes yes  
(Waxer and 
Morton, 2011a) 
dimensional change card sort 
task (congruency) 
not analysed yes study did not test for 
significance 
(Marinovic et al., 
2014) 
pictures, faces and animals not analysed not analysed N2 absent in children (4 
and 7 months of age), only 
in adults distinguished N1 
and N2 were detectable 
(Pincham et al., 
2015) 
feedback processing with 
reward/punishment (white 
noise) 
yes yes  
(Agyei et al., 
2016) 
visual motion, 100 black dots yes not analysed decrease in latency only in 
full term infants, not in 
preterm infants. Decreased 
amplitudes in preterm 
infants at 4 months 
compared to full term 
infants. 
(Vuillier et al., 
2016) 
cued go/no-go-task yes yes  
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 Table S10: Developmental trends in latency and amplitude of visual P300 component 
 
Visual P300 










(Cragg et al., 2009) go/ no-go task not analysed not consistent increase in 
amplitude only in go 
trials 




location, and age 
(Kihara et al., 2010) faces/ patterns 
(novelty 
processing) 
no yes generally increase 
of latency with age; 
increase in 
amplitude in novel 
stimuli 
(Rueda et al., 2004) flanker task fish/ 
congruency 
yes not consistent  





not consistent not consistent no changes in 
latency of P3a 
(fronto-central 
topography), 
increase of latency 










3 Neuromagnetic signatures of syllable processing in fetuses and 
infants provide no evidence for habituation (Study 2) 
In study 2, neurophysiological processing of spoken syllables (“ba” and “bi"), arranged in a 
habituation paradigm in healthy fetuses and infants (age 0-3 months), was assessed. The 
paradigm (illustrated in Figure 4) consisted of eight syllables, whereby the sixth syllable was 
chosen as a deviant to enable testing for stimulus specificity and dishabituation next to 
response decrement. In both age groups, EERs were recorded by fMEG and evaluated for the 
three presumed criteria of habituation (response decrement, stimulus specificity, and 
dishabituation).  
No decrease of ERR amplitudes over continuing stimulation was shown in either age group. 
In infants, however, the amplitudes of ERRs belonging to the deviant syllable were significantly 
higher than those of the previous syllable, indicating the presence of a discriminative neural 
response (stimulus specificity). Further research is required to gain information about early 
cognitive processing of speech stimuli in relation to later language acquisition.  
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Background:Habituation, as a basic form of learning, is characterized by decreasing amplitudes of neuronal reac-
tion following repeated stimuli. Recent studies indicate that habituation to pure tones of different frequencies
occurs in fetuses and infants.
Aims: Neural processing of different syllables in fetuses and infants was investigated.
Study design: An auditory habituation paradigm including two different sequences of syllables was presented to
each subject. Each sequence consisted of eight syllables (sequence /ba/: 5× /ba/, 1× /bi/ (dishabituator), 2× /ba/;
sequence /bi/: 5× /bi/, 1× /ba/ (dishabituator), 2× /bi/). Each subject was stimulated with 140 sequences.
Neuromagnetic signatures of auditory-evoked responses (AER)were recordedby fetalmagnetoencephalography
(fMEG).
Subjects:Magnetic brain signals of N = 30 fetuses (age: 28–39 weeks of gestation) and N= 28 infants (age: 0–
3 months) were recorded. Forty-two of the 60 fetal recordings and 29 of the 58 infant recordings were included
in the final analysis.
Outcome measures: AERs were recorded and amplitudes were normalized to the amplitude of the first stimulus.
Results: In both fetuses and infants, the amplitudes of AERswere found not to decreasewith repeated stimulation.
In infants, however, amplitude of syllable 6 (dishabituator) was significantly increased compared to syllable 5
(p = 0.026).
Conclusions: Fetuses and infants showed AERs to syllables. Unlike fetuses, infants showed a discriminative neural
response to syllables. Habituationwasnot observed in either fetuses or infants. Thesefindings could be important
for the investigation of early cognitive competencies and may help to gain a better understanding of language
acquisition during child development.








Habituation, as a concept for the most basic form of non-associative
learning, enables to evaluate thematuration of the fetal central nervous
system (CNS) [1,2]. It is represented by a response decrement to repet-
itively presented stimuli (standard) [3] and makes it possible to
investigate thematuration and capacity of cognitive function [4]. Infants
with increased risk of cognitive impairment may show delayed perfor-
mance in habituation tasks [1,5–7].
To differentiate between decrements of reaction due to sensory
fatigue, adaptation or habituation, Rankin et al. [8] specified charac-
teristics of habituation on the basis of definitions by Thompson &
Spencer [3] and proposed testing for stimulus specificity as well as
for dishabituation. To prove stimulus specificity a higher reaction
to a new stimulus (dishabituator) must exist, while dishabituation
is demonstrated by an increasing reaction to the habituated stimu-
lus that follows the dishabituator as compared to the last standard
before the dishabituator.
Early Human Development 100 (2016) 61–66
Abbreviations: AER, auditory evoked response; fMEG, fetal magnetoencephalography;
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Up to now, habituation in fetal research was usually investigated
using vibroacoustic stimulation and behavioral observation with ultra-
sound. Most behavioral studies applied repeated stimulation until re-
sponse behavior has stopped and reached an asymptotic level or until
a previously determined response decrement criteria was reached [9,
10]. Leader et al. used a vibroacoustic habituation procedure that, beside
testing for response decrement, also allowed testing for stimulus spec-
ificity and dishabituation in fetuses [10]. Hence, they examined three of
the characteristics for habituation proposed by Rankin et al. [8] and
were therefore able to differentiate between habituation and sensory
adaptation. Using acoustic stimulation, Madison et al. demonstrated re-
sponse recovery after decrementwhen a novel stimuluswas presented.
Hence, response decrement during habituation is not based on receptor
fatigue but on higher cognitive processes [2]. Morokuma et al. investi-
gated habituation to vibroacoustic stimulation on the basis of body
and extremitymovement [11]. They noted that habituationwas present
from at least 32weeks of gestation and that fetuseswith lessmature be-
havior required more stimuli to habituate than fetuses of the same ges-
tational age that were more developed. Other fetal habituation studies
used physiological measures like blink-startle reflex or heart-rate pa-
rameters or a combination of behavioral and physical assessment to ex-
amine characteristics of habituation [1,12–17]. Kisilevsky & Muir could
demonstrate a decline of fetal heart rate over repeated stimulationwith
noise, an increased response to an inserted new stimulus (vibration)
and even a response recovery to a re-presented noise stimulus after
the new stimulus in fetuses between 37 and 42 weeks of gestation [18].
A noninvasive method for the investigation of brain activity and
neuronal reaction in fetuses and infants is fetal magnetoencephalogra-
phy (fMEG) [19]. This technique makes it possible to directly visualize
the presence of habituation by monitoring evoked brain responses.
Using fMEG, Sheridan et al. already reported fetal and infant habituation
to visual evoked responses (VERs) [20]. Although the number of fetuses
with detectable VERs was rather small (29%), decreasing amplitudes of
VERs to repeated stimuli were evident in all of them.However, since the
habituation paradigm consisted of four identical light-flashes but no
dishabituator, the decrease of amplitudes could also have been due to
sensory fatigue or adaptation.
Stimulus specificity measured with fMEG was shown by Matuz et al.
[21], who used a paradigm consisting of visual standards and an auditory
dishabituator. Moreover, we recently evaluated an auditory habituation
paradigm consisting of sequences of five identical standard tones, one
deviant tone (dishabituator) and two further standard tones [22]. Sur-
prisingly, there was an increase of amplitudes between tone one and
tone two, but a decrease of amplitudes in fetuses between tone 2 and
tone 5 (response decrement). Higher amplitudes were observed for the
dishabituator (tone 6) than for tone 5 or tone 7 (stimulus-specificity). Al-
though there was an increase of amplitudes for tone 7 over tone 5
(dishabituation) in a majority of fetuses and newborns, the results did
not reach significance. One of the reasons for these findings could be
the small discrepancies between the stimuli, in which case the
dishabituator may not have been strong enough to elicit dishabituation.
The ability to discriminate between pairs of syllables /babi/ and
/biba/ by fetuses from 35 to 38 weeks of gestation was already
shown by Lecanuet et al. [23]. Differences between syllables
might be more pronounced and complex than differences between
the pure tone frequencies that have already been investigated [22].
The current fMEG study therefore aimed to investigate the pres-
ence of habituation in fetuses and infants by using a paradigm
consisting of the syllables /ba/ and /bi/.
2. Methods
2.1. Participants
Thirty healthy women,with singleton pregnancy and normal course
of gravidity between 28–39 weeks of gestational age (GA) participated
in fetal measurement. All participants were native German speakers,
≥18 years of age. Criteria for exclusion were smoking (influence of
evoked responses caused by nicotine [24]) or other substance abuse,
and high-risk pregnancies. All women were invited to participate with
their infants (0–3 months of age) in a secondary measurement. For
the secondary measurement, infants had to be healthy and pass a new-
born hearing screening. The study was approved by the local Ethical
Committee of the Medical Faculty of the University of Tuebingen.
2.2. Stimuli
The /ba/ and /bi/ stimuli were generated by a formant synthesizer
using the synthesis program “tuesyn”, as documented in [25,26]. The
syllable /ba/ was characterized by a 30 ms transition phase (F1 =
500–750; F2 = 700–1300; F3 = 2700; F4 = 3700; F5 = 4500 Hz)
followed by a stationary formant structure. Fundamental frequency de-
clined from 130 to 120 Hz during the transition and ended at 110 Hz at
stimulus offset. The syllable /bi/ was similarly generated, but with dif-
ferent formant values of the lower three formants (F1 = 200–280,
F2 = 1200–2400, F3 = 2800 Hz).
2.3. Stimulation procedure
An auditory habituation paradigm including twodifferent sequences
of syllables was presented to each subject. As illustrated in Fig. 1, each
sequence consisted of eight syllables (S1–S8). In one sequence
(sequence /ba/), the syllables were: 5× /ba/, 1× /bi/ (dishabituator)
and 2× /ba/. The other sequence (sequence /bi/) consisted of 5× /bi/,
1× /ba/ (dishabituator) and 2× /bi/. Two stimulation blocks, each
consisting of 70 repeatedly presented equal sequences, were consecu-
tively presented to each subject: block /ba/ consisted of 70 sequences
/ba/ and block /bi/ consisted of 70 sequences /bi/. All subjects were ran-
domly assigned to begin with either block /bi/ or block /ba/. The length
of syllables and inter-stimulus interval was 500 ms. The interval be-
tween sequences was set at random between 4000 and 5000 ms.
The total recording time for both consecutively presented blocks
was about 30 min. Stimulation intensity was 95 dB for fetal measure-
ments (approximately attenuated to 65 dB through maternal tissue
and amniotic fluid [27]) and 65 dB for infant measurements. The select-
ed intensity of 95 dB for the fetal stimulation is based on previous fMEG
studies which showed reliable brain responses in fetuses even younger
than the present sample [28,29].
Syllables were generated by a speaker outside the shielded room
and transmitted to the fetuses or infants via an air-filled tube. Fetuses
received stimuli by way of an air-filled balloon which was placed be-
tween the maternal abdomen and the sensor array, while infants had
an earphone (bio-logic, USA) placed at their left ear.
2.4. Data acquisition
Magnetic brain signals were recorded with a magnetoenceph-
alographic system designed for fetal and infant studies (SARA II: SQUID
Array for Reproductive Assessment, VSM MedTech Ltd., Port Coquitlam,
Canada). The 156 primary sensors and 29 reference sensors are placed
in an ergonomically shaped array that fits the pregnant abdomen. For lo-
calizing the fetal head position in relation to the sensors, one localization
coil was placed on the mother's abdomen and three localization coils
were placed on her left and right side and on her spine.
Ultrasound imaging (Ultrasound Logiq 500MD, GE, UK) was per-
formed immediately before and after measurement to localize the
fetal head position. In case of fetal movement from breech position to
cephalic presentation or reverse, the measurement was excluded from
further analysis.
By attaching a cradle, the fMEG device can also be used to record in-
fant brain activity. Infants weremeasured sleeping or awake but at rest.
One parent remained inside the shielded room with the infant for the
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duration of the infantmeasurements.Magnetic signalswere recorded in
continuous mode with a sampling rate of 610.352 Hz.
2.5. Data analysis
Preprocessing was performed by attenuation of maternal and fetal
heart signals using standard algorithms [30–32]. Data were filtered
offline with a low-pass filter of 10 Hz and a high-pass filter of 1 Hz for
fetuses and a low-pass filter of 15 Hz and a high-pass filter of 1 Hz for
infants. Data were divided into segments ranging from 100 ms before
to 500 ms after the onset of each syllable. After excluding segments
with artifacts higher than 2 pT, an event-related averagewas calculated.
The five channels with the highest amplitudes were determined by
visual inspection and their root-mean-square represented the auditory
evoked responses (AERs) for further statistical analysis (see
Muenssinger et al. [22]).
For each subject, four datasets were analyzed: the fetal and infant
data of block /ba/ and /bi/, respectively. A dataset consisted of the
AERs of S1–S8 and was included in the analysis if at least five of the
eight AERs were detectable. Missing data was replaced by mean
imputation.
A repeated measures ANOVA was conducted to determine whether
therewere statistically significant differences between AERs of different
syllables. Twowithin-subject factorswere used: syllable (S1; S5; S6; S7)
and block (/ba/; /bi/). Moreover, for analysis of fetal datasets, age
(GA b 34 weeks; GA ≥ 34 weeks) was used as between-subjects factor.
Data was normally distributed, as assessed by Shapiro-Wilk test
(p N 0.05). Mauchly's test of sphericity was performed and Epsilon (ε)
was calculated according to Huynh-Feldt and used to correct the
ANOVA, if the assumption of sphericity was violated. Post hoc analyses
were performed with a Bonferroni adjustment. All reported data were
normalized to the first syllable of each dataset (AERs of syllable S1–S8
dividedby theAER of syllable S1 of the respective data set). All statistical
tests were carried out with PASW Statistics 22 (SPSS Inc., Chicago, IL,
USA) with significance levels set to p b 0.05.
3. Results
Forty-two of 60 fetal and 29 of 58 infant datasets were included in
the analysis. Table 1 displays the normalized mean amplitudes of the
AERs from syllable S1–S8 for block /bi/ and block /ba/ in fetuses and
infants, respectively. To analyze these for the predefined criteria of
habituation (Table 2) we compared the amplitudes of S1 and S5 (re-
sponse decrement), S5 and S6 (stimulus specificity) and S5 and S7
(dishabituation).
3.1. Fetal data
From a total of 60 fetal datasets, 13 datasets had to be excluded be-
cause the criterion of five detectable AERs could not bemet. The dataset
of one fetus was excluded because of fetal movement. Two datasets
showed metal artifacts which could not be eliminated and two others
were discarded due to technical problems. Of the remaining 42 datasets,
20 were performed with block /ba/ and 22 with block /bi/. The mean
gestational age of fetuses was 32.86 (SD: 3.12) weeks. We analyzed
both habituation patterns in a combined approach as presented in
Fig. 2A by using a two-way repeated measure ANOVA with two
within-subject factors (syllable and block) and one between-subjects
factor (age). There was no statistically significant interaction between
block and syllable (p=0.122) and no statistically significant interaction
between age and syllable (p = 0.540). Although AERs significantly
differed for the different syllables (S1, S5, S6, S7; p = 0.013), post hoc
analyses revealed that the criteria for habituation were not met
(Table 2).
3.2. Infant data
Twenty-nine mothers returned with their infants for the secondary
measurement. However, 24 of the 58 datasets had to be excluded be-
cause of restlessness or crying of the infant. Five datasets were excluded
because the criterion of five detectable AERs was not met. Of the re-
maining 29 datasets, 15 were performed with block /ba/ and 14 with
block /bi/. Themean age of infants was 41.77 (SD: 16.87) days. Normal-
ized mean amplitudes are provided in Fig. 2B. Two-way repeated mea-
sure ANOVA with two within-subject factors (syllable and block)
revealed that AERs of syllable S1, S5, S6 and S7were significantly differ-
ent (p b 0.001). Although, the criteria for habituation were not met
(Table 2), there was a statistically significant increase from syllable S5
to S6 (stimulus specificity, p b 0.001). A statistically significant interac-
tion between block and syllable was not found (p = 0.324).
4. Discussion
The present study aimed to investigate the presence of habituation
in fetuses and infants by directly observing changes of AERs using
fMEG. For this purpose, we presented a habituation paradigm consisting
of the two syllables /ba/ and /bi/. We hypothesized a response decre-
ment to a repeated stimulus (see Matuz et al. [21]) and stimulus speci-
ficity as shown by a response increase to a new stimulus (dishabituator)
(seeMuenssinger et al. [22]). In addition, we expected dishabituation, a
response increase between the last stimulus before and the first stimu-
lus after the dishabituator.
Fig. 1. Auditory habituation paradigm. Each sequence consisted of seven uniform syllables (S1–S5, S7, S8) and one different syllable (S6, dishabituator). Each sequence is consecutively
repeated 70 times (=block). Two blocks (block /ba/ = 70× sequence /ba/ and block /bi/ = 70× sequence /bi/) are consecutively presented to each fetus and each infant. Each subject
is randomly assigned to either start with block /ba/ or with block /bi/.
Table 1
Normalizedmean amplitudes of the AERs from syllable S1–S8 for block /bi/ and block /ba/










S1 1 (0) 1 (0) 1 (0) 1 (0)
S2 1.08 (0.38) 0.91 (0.24) 0.94 (0.48) 0.72 (0.30)
S3 1.03 (0.41) 1.10 (0.26) 1.02 (0.51) 0.64 (0.31)
S4 0.98 (0.34) 0.97 (0.26) 1.47 (0.43) 0.77 (0.41)
S5 1.16 (0.45) 0.93 (0.18) 1.0 (0.44) 0.84 (0.39)
S6 (dishabituator) 1.06 (0.54) 1.15 (0.52) 1.40 (0.61) 0.99 (0.60)
S7 1.28 (0.70) 1.04 (0.19) 1.03 (0.58) 0.92 (0.49)
S8 1.08 (0.68) 0.93 (0.25) 0.95 (0.40) 0.77 (0.49)
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AERs to the presented stimuli were detected in both fetuses and in-
fants. The latency for the AER did not differ between the syllables /ba/
and /bi/, hence an ability of discrimination between /ba/ and /bi/
based on latency analysis was neither shown in fetuses nor in infants
(data not shown). With respect to the analysis of amplitudes, however,
infants but not fetuses fulfilled the criteria of stimulus specificity and
were able to discriminate between the two syllables /ba/ and /bi/. Habit-
uation, however, which is expressed in a response decrement to re-
peated stimulation, was shown in neither fetuses nor infants.
Accordingly, dishabituation (increased response to the standard
stimulus after presentation of a dishabituator) was not found either.
Results of an earlier fMEG-study by our group show indications of
habituation to pure tones in fetuses [22]. Likewise, in other studies car-
ried out in late trimester fetuses, habituation was indirectly demon-
strated by measuring stimulus-associated behavioral changes [12–14,
33,34].
The lack of habituation in the present study could be due to several
factors. While it has not been conclusively established how acoustical
stimuli are transmitted to the fetal auditory system, several studies sug-
gest that fetuses are able to detect the applied stimuli (syllables /ba/ and
/bi/) through maternal tissues and the amniotic fluid. By using stimuli
similar to those in our present study, Lecanuet et al. demonstrated
changes in the fetal heart rate variability [23]. Animal studies with hy-
drophones implanted into ewe's uteri indicate that our chosen stimuli
are still discernible for fetuses in utero [35,36]. However, the level of
sound attenuation was associated with fetal position and status of de-
velopment [37].
On the basis of the findings of AERs to the different syllables, we
can safely assume that acoustic features of the syllables were trans-
mitted to the fetus and stimulated the fetal auditory system. A be-
havioral fetal reaction to auditory stimulation with syllables /ba/
and /bi/ seems to be already well developed in the last trimester
of pregnancy [23]. However, we cannot rule out the possibility
that discrimination between /bi/ and /ba/ is biased due to the qual-
ity of transmission. Differences between pure tones, such as were
used in our previous study, might be more pronounced. Neverthe-
less, syllables contain a broad and discontinuous spectrum of fre-
quencies in comparison to pure tones [22]. Complex auditory
stimuli require higher and more differentiated neural processing
for recognition and discrimination, and so fetal brain function has
to be more mature to show stimulus specificity to syllables. A sep-
arate analysis of younger (b34 weeks of GA) versus more mature
fetuses (≥34 weeks of GA) showed no evidence of an age effect.
Provided that more mature brain functions and higher cognitive
processes are required to distinguish between different syllables,
this would also explain why the neonatal sample, despite being
able to discriminate, failed to reach the criteria for habituation. In
contrast to our findings, earlier studies using behavioral measures
showed habituation to auditory stimuli in neonates and fetal dis-
crimination of syllable changes [23,38]. Combined studies using
both, neuronal and behavioral measures, are warranted to explain
these contrary findings.
The definition of habituation used in the current study referred to
the ten criteria postulated by Rankin et al. [8]. These criteria are based
on adult studies. Some studies suggest that characteristics of habitua-
tion change during development [11,39–41] and that the differences
between habituation in infants and adults are not only associated with
physical features of stimuli, but also to the relevance that the subject as-
signs to the stimuli presented [42–44]. A glance at the adult data of a
number of habituation studies (e.g. [42,45,46]) shows a decrease in am-
plitude from the first to the second tone in a sequence, but no further
decrease thereafter, as opposed to the classic criterion of an asymptotic
decrease. It has been proposed that these results in adults are better ex-
plained by a refractoriness than by a habituation account. An adult
MEG-study by Okamoto et al. [42] compared habituation by using
pure tones in a silent background and repetitive silences in a pure
tone background as indicating stimuli. Surprisingly, silences in a con-
tinuing pure tone caused a successive/gradual decrement, while pure
tones in a silence showed a decrement from the first to the second stim-
ulus and then an almost constant response pattern. The authors con-
cluded that the novelty of a stimulus is a critical feature for the
occurrence of “classic” gradual decrement of responses as postulated
Table 2
Pairwise comparison according to the criteria of habituation using post hoc analysis with Bonferroni adjustment.
Criteria for habituation Fetus Infants
Difference of normalized mean amplitudes (95% CIa) p-Value Difference of normalized mean amplitudes (95% CIa) p-Value
S1 N S5 (response decrement) −0.042 (−0.150–0.066) 1.000 0.081 (−0.013–0.174) 0.127
S5 b S6 (stimulus specificity) −0.067 (−0.212–0.077) 1.000 −0.262 (−0.356 to −0.167) b0.001
S5 b S7 (dishabituation) −0.108 (−0.238–0.016) 0.118 −0.064 (−0.190–0.061) 0.946
a Confidence interval.
Fig. 2. Normalized mean amplitudes of S1–S8 in fetuses (A) and infants (B).
64 J. Hartkopf et al. / Early Human Development 100 (2016) 61–66




for habituation, whereas more familiar stimuli might result in other
neural processes. In accordance with these results on repeated auditory
stimulation, we also found a significant decrement from S1 to S2 (p =
0.003, data not shown) in infants, albeit no asymptotic decrement. Ac-
cording to the hypothesis proposed byOkamoto et al. [42], one explana-
tion could be that infants are frequently exposed to auditory stimulation
similar to the syllables used in our trial.
The capacity and speed of the working memory increases during
childhood development. Given that syllables are more complex stimuli
than pure tones, itmight take longer to habituate to them. A sequence of
six repeated syllables before presentation of the dishabituator would
then be too short for habituation and more repetitions of the standard
syllable before introduction of the dishabituator might induce a decre-
ment of AERs. In earlier studies, a response decrement criteria was set
before initiating a stimulus change [2,47]. However, duration of fMEG
measurement with pregnant women and young infants is limited due
to practical and ethical reasons (special sitting position, avoidance of
physical movements, restricted interaction between parent and child)
and real-time observation of brain data is not feasible. Nevertheless,
we suggested to increase the number of habituation stimuli before the
dishabituator in future trials. Moreover, it should also be borne in
mind that the duration of ISI between syllables was 500 ms. Compared
to other fetal and infant habituation studies, this intervalmay have been
too long for the fetal brain to process it as a continuously performed se-
quence. In the study byMuenssinger et al. [22], for example, the ISI was
300ms. Additionally, lack of habituationmight be due to the intensity of
the auditory stimulus.
Unlike the fetal sample, infants lacked response decrement or
dishabituation, but showed a significant stimulus-specificity. AERs to
the dishabituator were significantly increased, indicating that infants
are able to differentiate between the spoken syllables /bi/ and /ba/.
This result is supported by other studies in which infants were shown
to be able to process phonological input and their neural correlates
reflected changes in auditory stimulation (for review see [48]).
In the present study,we did not analyze the habituation responses in
relation to fetal or neonatal behavioral states [49]. The limited number
of recorded segments did not permit the extraction of AERs according
to the behavioral state. In addition, there is evidence that habituation
is independent of behavioral state [14].
Since language impairment in children is often associated with early
impairment in auditory perception, the investigation into the age at
which the ability to discriminate between different syllables occurs in
human development is an important topic for future research. Early dis-
orders like fetal growth restriction can affect auditory perception aswell
as processing and indicate that it may be possible to identify individual
fetuses and newborns at risk for language deficits [38]. In this context,
ourfindings are important for a better understanding of the early devel-
opment of language acquisition. However further research is warranted
to assesswhether fMEGmight be useful to identify early impairments of
auditory-system functioning thatmay eventually lead to early interven-
tions in specific language impairments.
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4 Impact of intrauterine growth restriction on cognitive and motor 
development at 2 years of age (Study 3) 
In study 3, the impact of IUGR as a risk factor for pathological intrauterine development on 
fetal brain development and later child development was investigated. Three fetal groups were 
compared: IUGR, SGA and AGA. During the fetal period, visual and auditory ERRs were 
recorded by fMEG. When the children reached the age of about 24 months, BSID-II was 
conducted to assess cognitive (represented by MDI) and motor developmental status 
(represented by PDI) of the infants.  
In the IUGR group, the latencies of the visual ERRs were longer than those of the SGA and 
AGA groups (however, the difference was not statistically significant). The MDI was 
significantly lower in former IUGR-infants than in former SGA- and AGA-infants, whereas there 
were no differences in the PDI. Results of this study endorse the assumption that IUGR affects 
brain development in utero, as reflected by the lower MDI scores at 24 months, and supported 
by longer latencies of fetal EERs during visual stimulus processing. Such differences may 
therefore have long-term-effects on future neurodevelopment. The underlying causes of these 
changes and potentially persisting long-term effects should be further explored.  
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Intrauterine growth restriction (IUGR), which is already known to be a risk factor for
pathological intrauterine development, perinatal mortality, and morbidity, is now also
assumed to cause both physical and cognitive alterations in later child development.
In the current study, effects of IUGR on infantile brain function were investigated during
the fetal period and in a follow-up developmental assessment during early childhood.
During the fetal period, visual and auditory event-related responses (VER and AER) were
recorded using fetal magnetoencephalography (fMEG). VER latencies were analyzed in
73 fetuses (14 IUGR fetuses) while AER latencies were analyzed in 66 fetuses (11 IUGR
fetuses). Bayley Scales of Infant Development, Second Edition (BSID-II) were used to
assess the developmental status of the infants at the age of 24 months. The Mental
Development Index (MDI) was available from 66 children (8 IUGR fetuses) and the
Psychomotor Development Index (PDI) from 63 children (7 IUGR fetuses). Latencies
to visual stimulation were more delayed in IUGR than in small for gestational age (SGA)
or appropriate for gestational age (AGA) fetuses, albeit not to any significant extent
(p = 0.282). The MDI in former IUGR infants was significantly lower (p = 0.044) than
in former SGA and AGA infants. However, IUGR had no impact on PDI (p = 0.213).
These findings support the hypothesis that IUGR may constitute a risk factor for
neurodevelopmental delay. Further investigation of the possible underlying mechanisms,
as well as continued long-term developmental research, is therefore necessary.
Keywords: intrauterine growth restriction, child development, fetal magnetoencephalography, visual event-
related responses (VER), auditory event-related responses (AER)
Abbreviations: AER, auditory event-related responses; AGA, appropriate for gestational age; BSID-II, Bayley Scales of Infant
Development, Second Edition; BSID-III, Bayley Scales of Infant and Toddler Development, Third Edition; fMEG, fetal
magnetoencephalography; fT, femto Tesla; GA, gestational age; Hz, Hertz; ISI, inter-stimulus interval; IUGR, intrauterine
growth restriction; MDI, Mental Development Index; ms, millisecond; PDI, Psychomotor Development Index; SGA, small
for gestational age; VER, visual event-related responses.
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Over the last few decades, it has become evident that events
during early development in humans – even during the prenatal
phase – can have long-term e ects on health and disease. This
concept is commonly known as Developmental Origins of Health
and Disease (Barker, 2007; Wadhwa et al., 2009).
One trademark of anomalous prenatal development is
intrauterine growth restriction (IUGR). Intrauterine growth
restriction is characterized by a pathological restriction of fetal
weight, as is presumed to be the case when a fetus is “small
for gestational age” (SGA), i.e., when its estimated fetal weight
and birth weight are below the 10th percentile for gestational
age (GA). The literature and practice often does not distinguish
clearly between IUGR and SGA. Consistent criteria are therefore
required to establish general valid guidelines in diagnosis and
treatment (Barker et al., 2013; Unterscheider et al., 2014; Levine
et al., 2015). SGA, which is a more general term for those
fetuses and infants whose estimated and actual birth weights
are below the 10th percentile, is not necessarily connected with
a pathological finding. The term also includes cases of below-
average weight caused by genetic preconditions. By contrast,
IUGR is associated with pathological intrauterine changes that
cause restricted fetal growth. It is also linked to a higher risk
of perinatal mortality and morbidity and requires appropriate
medical support (Craigo, 1994; Bamberg and Kalache, 2004).
It is important to distinguish between pathologically growth-
restricted fetuses and constitutionally small fetuses. Placental
insu ciency, the most frequently observed pathological cause
for restricted fetal growth, should be diagnosed by the
umbilical artery Doppler velocity (Figueras and Gardosi, 2011).
Placental insu ciency is associated withmetabolic and hormonal
influences on the fetuses and manifests itself by reduced fetal
growth and weight gain during pregnancy. These processes
can lead to specific alterations in later physical and cognitive
development known as “fetal programming” (Godfrey and
Barker, 2001; Martin-Gronert and Ozanne, 2012). Since this
influence begins during pregnancy, an early investigational
approach is advisable.
Recent follow-up studies with former IUGR infants often used
only reduced body size or abnormal Doppler for diagnosis of
IUGR. A review by Murray et al. (2015) showed that only a
small number of studies on the neurodevelopmental outcome in
children with IUGR born at 35 weeks of gestation or later used
both abnormal Doppler and small size as diagnostic criteria. The
authors reported that IUGR is associated with an increased risk
for neurodevelopmental delay. Children with fetal circulatory
redistribution (i.e., a pathological Doppler) were reported to be
more severely a ected.
Neurodevelopmental impairments in IUGR infants are
reflected by morphological and structural brain alterations and
impaired brain function even in utero (D’Hooghe and Odendaal,
1991; Vindla et al., 1997; Nijhuis et al., 2000; Tolsa et al., 2004;
Dubois et al., 2008; Lodygensky et al., 2008). In earlier trials,
changes in body movements and heart rate were the two main
indicators for stimulus processing for investigating the influence
of IUGR on functional brain development in utero. Following
acoustic or vibroacoustic stimulation, heart rate responses in
IUGR fetuses were delayed and their body movement patterns
lower than in controls (Gagnon et al., 1988, 1989; Kisilevsky et al.,
2014).
Fetal magnetoencephalography (fMEG) is a non-invasive
method for measuring fetal brain activity. From the GA of
28 weeks onward, fetal auditory event-related brain responses
(AER) and visual event-related brain responses (VER) can be
recorded and a decrease of latency can be assumed to be a
marker of the maturation and integrity of functional fetal brain
development (Schleussner et al., 2001; Eswaran et al., 2002;
Schleussner and Schneider, 2004; Holst et al., 2005; Kiefer et al.,
2008). Against this background, by demonstrating that IUGR
fetuses have slower VER than their appropriate for gestational
age (AGA) control counterparts, we recently ascertained that
VER latency is associated with fetal outcome (Morin et al., 2015).
A follow-up study to determine the impact of VER latencies on
early childhood development, i.e., from birth to 24months of age,
is currently under way.
In the present study, we aimed to determine whether fetal
outcome a ects early childhood development. This entailed a
developmental assessment using BSID-II that was performed at
the age of 24 months in former IUGR, SGA, and AGA children.
Furthermore, we investigated whether VER and AER latencies, as
assessed by fMEG, di ered between the fetal outcome groups.
MATERIALS AND METHODS
Participants
One hundred and seven women with singleton pregnancies were
recruited by the Department of Obstetrics and Gynecology at
the University Hospital, Tuebingen. They gave written informed
consent of their and their infant’s participation prior to the
study, which was approved by the local Ethical Committee
of the Medical Faculty of the University of Tuebingen (No.
476/2008MPG1). The study was performed in accordance with
the relevant guidelines and regulations.
Fifteen of the infants had birth weights below the 10th
percentile, and an increased umbilical artery pulsatility index
above the 90th percentile for the respective GA was observed
during pregnancy. These 15 fetuses were classified as IUGR due
to an insu cient placental blood supply. Although 32 of the
infants were born with weights below the 10th percentile, they
had a normal umbilical artery Doppler during pregnancy and no
placental insu ciency was found. These 32 fetuses were classified
as constitutionally SGA. Sixty healthy children with an AGA birth
weight were included as controls.
fMEG Measurement
To investigate potential di erences in brain development
already during pregnancy, all participants underwent an
fMEG measurement with visual and auditory stimulation
to record event-related brain responses of the fetuses from
28 weeks of GA. The fMEG measurement was performed
with a magnetoencephalographic system for fetal and neonatal
studies (SARA II: SQUID Array for Reproductive Assessment,
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VSM MedTech Ltd., Port Coquitlam, BC, Canada). During
the measurement, the woman placed her abdomen in an
ergonomically shaped array containing 156 primary and 29
reference sensors. Visual stimuli were presented during 10 min
of the measurement and consisted of light flashes delivered by
fiber optic wire to an LED-light pad that was placed on the
maternal abdomen near the location of a fetal eye, as determined
via ultrasound. The light flashes had a wavelength of 625 nm
and an intensity of 8000 lux; stimulus duration was 500 ms and
the ISI was set at random between 1.5 and 2.5 s (Morin et al.,
2015).
Auditory stimulation consisted of an oddball-paradigm with
pure tones and was presented for a further 10 min of the
measurement. Stimulus duration was 500 ms and the ISI was
randomly selected between 1900 and 2100 ms. Standard tones,
presented with a frequency of 500 Hz, were interspersed with
deviant tones presented at 750 Hz to avoid habituation to the
standard tone. Stimuli were delivered into a balloon via an air-
filled tube placed on the maternal abdomen. The sequence of
visual and auditory stimulation was randomized over subjects.
Fetal data were recorded with a sampling rate of 610.352 Hz
(Muenssinger et al., 2013).
fMEG Data Analysis
Recorded fetal auditory and visual datasets were filtered o ine
with a high-pass filter of 0.5 Hz and were transformed by a
first-order gradiometer to eliminate any external interference.
Maternal and fetal heart signals were attenuated by signal space
projection (McCubbin et al., 2006). The data was cut into
segments ranging from 200 ms before to 1000 ms after the
stimulus. A 10 Hz low-pass filter was applied and the average
of the segments was calculated. VER and AER were analyzed by
visual examination and defined as a peak in a time window of 80–
500 ms after the stimulus, with a minimal amplitude of 4 fT in at
least four sensors around the fetal head coil. The latency between
stimulus onset and peak was documented for further statistical
analysis.
Developmental Test
Two years after fMEG measurement, all families were invited
to participate in an assessment of their child’s development
with BSID-II. Of a total of 107 participants, 66 returned for
the follow-up assessment. The 41 participants who discontinued
were distributed as follows: IUGR group: 7 of 15 children (46.7%),
SGA group: 14 of 32 children (43.8%) and AGA group: 20 of 40
children (50%). The most common reasons for non-participation
are summarized in Figure 1.
The BSID-II was developed for the measurement of the
current developmental state of infants and children between 1
and 42 months of age (Nellis and Gridley, 1994). An experienced
and trained psychologist, who was unaware of themedical history
of the infant, conducted the test with the child in the presence of
a parent. The BSID-II is divided into two scales: the MDI and
PDI. The cognitive and psychomotor development of a child can
therefore be assessed separately. MDI and PDI both have a mean
of 100 and a standard deviation (SD) of 15.
Statistics
Data was described as mean ± SD. A preliminary assumption
check revealed that data was normally distributed, as assessed by
Shapiro–Wilk test (p > 0.05), and that there were no univariate
or multivariate outliers, as assessed by boxplot and Mahalanobis
distance (p > 0.001), respectively. MDI, PDI, VER latency, and
AER latency were analyzed for di erences between fetal outcome
groups (IUGR, SGA, and AGA) using one-way ANOVA and
Welch’s test of unequal variances, respectively. Post hoc analyses
were performed using the Games-Howell correction method.
PASW Statistics 21 (SPSS Inc., Chicago, IL, United States) was
used for statistical analysis and the significance level was set to
p < 0.05.
RESULTS
Auditory event-related responses and VER latencies were
measured using fMEG in 107 fetuses. Of these, 15 were IUGR
fetuses, 32 were SGA fetuses and 60 were AGA fetuses. Table 1
shows mean and SD for GA at birth and birth weight. VER
latencies could be analyzed in a total of 73 fetuses (14 IUGR, 22
SGA, and 37 AGA) at a mean GA of 34.1 weeks. AER latencies
were detectable in a total of 66 fetuses (11 IUGR, 22 SGA, and 33
AGA) at a mean GA of 34.0 weeks.
Mental Development Index and PDI were assessed using
BSID-II at a mean (± SD) age of 24.10 (± 0.79) months. MDI
was assessed in 66 children (8 IUGR, 18 SGA, and 40 AGA) and
was 96 (± 6), 100 (± 16), and 103 (± 13), respectively. PDI was
assessed in 63 children (7 IUGR, 16 SGA, and 40 AGA) and was
94 (± 7), 96 (± 11), and 100 (± 10), respectively. Results are
presented as box plots in Figure 2.
Table 2 shows the results of the univariate one-way ANOVA
in a comparison of MDI, PDI, VER latency, and AER latency in
the IUGR, SGA, and AGA groups. There were no statistically
significant di erences between PDI (p = 0.213), VER latency
(p = 0.282), and AER latency (p = 0.206). However, the MDI
di ered significantly between groups (p = 0.044) and increased
from the IUGR (96 ± 6) to the SGA (100 ± 16) as well as to
the AGA group (103 ± 13). Games-Howell post hoc analysis
(Table 3) revealed that the di erence between IUGR and AGA
was statistically significant (p = 0.035).
DISCUSSION
In the current study, we aimed to investigate the impact of
IUGR on early child development. At the age of two, children’s
developmental status was assessed using BSID-II. The MDI
was significantly lower in the IUGR than in the AGA group.
Although scores for the PDI decreased from AGA to SGA,
and IUGR, these di erences were not statistically significant. In
addition, fetal brain responses to visual and sound stimulation
were assessed via fMEG before birth. We observed an increase
in VER latencies from AGA over SGA to IUGR fetuses. These
latency di erences were, however, not statistically significant.
Our results suggest that functional brain development maybe
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FIGURE 1 | Flow chart showing enrollment and follow-up. All 107 infants were evaluated using fMEG. At the age of 2 years, developmental assessment was
performed using BSID-II. ⇤ Indicates the number of fMEG data sets that were not analyzable. ⇤⇤ Indicates the number of children that were lost to follow-up. At the
bottom of the figure, the number of children for whom BSID-II and fMEG was available is shown.
TABLE 1 | Mean weeks (wks) of gestational age (GA) at the time of VER
measurement, AER measurement and birth as well as birth weight in grams (g) of
IUGR versus SGA versus AGA fetus.








IUGR Mean 33.6 33.8 35.5 1720
N 14 11 15 15
SD 2.7 2,6 2.8 405
SGA Mean 34.7 34.1 38.6 2446
N 22 23 32 32
SD 3.0 3.4 2.1 401
AGA Mean 33.9 33.9 40.0 3454
N 37 34 60 60
SD 3.0 3.1 1,6 412
already altered during gestation and might cause an alteration in
the neurological developmental trajectory in later life. However,
it must be emphasized that these findings are based on a relatively
small group of children.
Intrauterine growth restriction, a pathologic growth
restriction of fetuses, is associated with significant neonatal
morbidity and mortality (Nardozza et al., 2017). It is also
believed to impact morphological and structural brain
development (D’Hooghe and Odendaal, 1991; Vindla et al., 1997;
Nijhuis et al., 2000; Tolsa et al., 2004; Dubois et al., 2008;
Lodygensky et al., 2008). We recently reported that latencies
of fetal AER and VER assessed by fMEG are delayed in fetuses
with IUGR (Morin et al., 2015). In the present study, however,
the di erences in VER and AER latencies between IUGR, SGA,
and AGA fetuses were not statistically di erent. A possible
explanation for these seemingly contradictory findings may be
due to the fact that we had used a case control approach in the
previous study to match subjects for GA and fetal behavioral
state. Since our primary focus in the present study was on the
e ect of IUGR on neurodevelopmental changes at 2 years of age,
we decided to increase sample size by including not only matched
pairs of SGA-AGA and IUGR-AGA subjects but also of all other
subjects. For proof of the possible predictive value of fMEG,
further studies with larger population sizes and longitudinal
assessment of functional brain development are necessary.
In the current study, we used simple tone stimulation
only. However, since several cognitive capabilities such as
discrimination and habituation are already established in the
last trimester of gestation, it would be worthwhile to apply
these stimulation paradigms to determine whether they are
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FIGURE 2 | Box plots of MDI (A) and PDI (B) in IUGR, SGA, and AGA group. Box plots represent median, interquartiles, and ranges.
TABLE 2 | MDI, PDI, VER latency and AER latency in IUGR, SGA, and AGA
groups as calculated using one-way ANOVA.
N Mean SD p-value
MDI IUGR 8 96 6
SGA 18 100 16
AGA 40 103 13
Total 66 101 13 0.044⇤
PDI IUGR 7 94 7
SGA 16 96 11
AGA 40 100 10
Total 63 98 10 0.213
VER latency IUGR 14 233 59
SGA 22 217 64
AGA 37 204 57
Total 73 213 60 0.282
AER latency IUGR 11 204 65
SGA 22 220 61
AGA 33 188 69
Total 66 201 67 0.206
Welch’s t-test was used on account of unequal variances and sample-sizes and
⇤ indicates a significant group difference.
TABLE 3 | Comparisons of the MDI between the IUGR, SGA, and AGA groups.
IUGR SGA AGA




SGA 4.44 (± 4.33)
p = 0.568
–  3.38 (± 4.26)
p = 0.710





The differences of mean MDI values (± standard error) are shown and the
respective p-values were calculated by Games-Howell post hoc analysis.
more specific for alterations of early fetal brain development
(Draganova et al., 2005; Matuz et al., 2012; Muenssinger
et al., 2013; Hartkopf et al., 2016). Interestingly, intrauterine
auditory stimulation with the maternal voice in growth-restricted
fetuses has been proposed as a potential tool to compensate
brain alterations that might be responsible for later language
impairment (Kisilevsky et al., 2014).
When it came to childhood development, we observed
lower cognitive and psychomotor abilities in IUGR than in
AGA children, although only the di erences in cognitive
(mental) scores were of statistical significance. In line with
our results, earlier trials showed that former IUGR infants are
more liable to achieve lower scores in neurocognitive and/or
motor developmental assessment tests than control children
without IUGR (for a review, see Murray et al., 2015). The
comparability of studies on neurocognitive development of
IUGR children, is, however, limited due to the selection criteria
for growth restriction. Unlike reduced growth in SGA fetuses,
which is usually constitutional, the growth delay in IUGR has
a pathological cause. We therefore identified IUGR fetuses
by using ultrasound to estimate fetal weight as well as to
measure the umbilical artery pulsatility index. The latter is a
marker of placental blood supply and a clinical standard to
monitor intrauterine malnutrition (Murray et al., 2015). In a
follow-up sample of 83 very-low-birth-weight infants, Leppanen
et al. used the mental scale of BSID-II to show that only
the subgroup with a pathological Doppler was a ected by an
altered cognitive outcome at the age of 2 years, whereas motor
development remained una ected (Leppanen et al., 2010). This
is akin to the present study: PDI of BSID-II did not reveal
any di erences in psychomotor development between IUGR,
SGA, and AGA children at 2 years of age. Several other studies
investigating motor outcomes in IUGR children also reported
that no di erences were observed (Wienerroither et al., 2001;
Eixarch et al., 2008; Padilla et al., 2010). Some study results
indicate an influence of prematurity and severity of IUGR
on motor development (Gazzolo et al., 1995; Padilla et al.,
2011).
The MDI of the BSID-II includes measures for di erent
cognitive skills, i.e., active and passive speech development,
problem solving, or memory performance. The updated
version “Bayley Scales of Infant and Toddler Development,
Third Edition” (BSID-III) provides more specific subscores:
a cognitive scale, a receptive language and an expressive
language scale. To establish specific approaches to support
a ected infants and their families with early interventions, the
assessment should be performed with the updated version
in future investigations. However, the German version
of the third edition was not available at the time of this
study, nor is a behavioral scale, as provided by the original
versions of BSID-II and BSID-III, available in the German
language to date. Results of studies investigating behavioral
Frontiers in Physiology | www.frontiersin.org 5 September 2018 | Volume 9 | Article 1278




changes in former IUGR children indicate that attention, social-
interactive skills or moodmight also be a ected (Roza et al., 2008;
Beukers et al., 2017).
The major limitation of the current study is the low sample
size, particularly for the IUGR group. Future studies with larger
sample sizes should consider co-factors such as onset, duration
and severity of IUGR to gainmore detailed information about the
impact of di erent types of IUGR (Miller et al., 2016). Moreover,
loss to follow-up might be influenced by socioeconomic or
demographic factors and might therefore bias our results (see
Figure 1 for drop-out at the di erent stages).
CONCLUSION
The results of this study support the hypothesis that IUGR might
be a risk factor for a delay in neurocognitive development (MDI)
in two-year old children. However, the di erences were only
modest, and not significant with respect to the PDI, and the three
study groups did not di er significantly in fetal event-related
brain activity. The investigation of underlying physiological
processes and their impact on human brain development should
be the focus of further research. Moreover, larger trials with
a standardized definition of IUGR and well-defined outcome
measures are required to identify factors that impact the role
of IUGR on child development. These findings would be
instrumental in developing specific treatment and support for the
a ected infants and their families.
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5 General Discussion 
As hypothesized by the theory of DOHaD, early exogenous influences may impact 
development and the subsequent state of health and disease. In this thesis, it was 
demonstrated that fMEG is applicable in examining brain function of fetuses and neonates by 
recording ERRs and in evaluating habituation as a basal form of learning. It was also 
ascertained that an early deprived exogenous condition (IUGR, due to an impaired placental 
blood flow) impacts fetal brain function which, in turn, may lead to an impaired cognitive 
development during early childhood. 
The analysis of electromagnetic signatures to an external stimulation facilitates the evaluation 
of stimulus processing by recording its neural correlates. The use of different stimulation 
paradigms enables to draw conclusions about the state of sensory processing, basal learning 
competencies, and thus about functional brain development. For example, patients with, or 
persons with an enhanced risk of developing psychiatric disorders, habituate differently from 
healthy controls (Ludewig et al., 2003; Taiminen et al., 2000). ERR measurement provides the 
possibility of investigating habituation from a very early developmental state. For this purpose, 
however, it is necessary to compare the results of studies that assess ERRs and habituation 
in different age groups. 
In a critical review of scientific articles, developmental changes of ERRs in different age groups 
were investigated (Study 1). Although changes were detected during infancy and/or childhood 
in 73 of the 85 studies, it was difficult to draw any general conclusions. Due to increasing 
myelination and formation of neural networks, it was anticipated that most of these changes 
would be present in the exogenous components of ERRs. However, even after a classification 
of studies into the respective sensory modality examined, and after splitting ERRs into 
separate components (P/N 100, P/N 200, P/N 300), there was a wide heterogeneity in results. 
Several variables, such as age of the participants, features of the stimulation paradigm 
selected, and the respective components investigated, seem to influence the results. In 
conclusion, studies that analyze ERRs in different age groups should take developmental 




changes into account. Due to the diversity of the current study situation, however, this is rather 
challenging. Trials with comparable stimulation paradigms that allow replication as well as 
longitudinal studies are therefore required to generate more general and valid statements 
about developmental trends in ERRs. 
In addition to studies concerning developmental changes of ERRs, developmental habituation 
studies were reviewed. Habituation enables to investigate basal learning abilities by observing 
behavior or by measuring neural responses to distinct stimulation paradigms. A total of 52 
habituation studies were reviewed, the majority of which investigated relatively young subjects 
between the fetal stage and aged about 24 months (46 of 52 trials). Like in the review of 
developmental ERR changes, one focus was on studies with a neurophysiological approach. 
Neurophysiological measurements make it possible to directly evaluate the underlying 
neurophysiological correlates of habituation and do not rely on the observation of behavioral 
changes. In the eight neurophysiological habituation studies included here, only five tested for 
response decrement and/or stimulus specificity. However, response decrement to a repeated 
stimulus can also be explained by other factors such as sensory fatigue, or adaptation 
phenomena like refractoriness (Budd et al., 1998). It is therefore advisable to analyze several 
criteria of habituation, as stated by Rankin et al. (2009). Nevertheless, only three trials tested 
for response decrement, stimulus specificity and dishabituation. Another impact on ERRs 
analyzed in habituation paradigms is the length of the inter-stimulus interval (ISI) (Miltner et 
al., 1991). Like the studies about age-dependent changes in ERRs included in the review, the 
eight neurophysiological habituation studies showed a wide variety depending on the age 
groups, sensory modalities, stimulation paradigms, ISIs and the habituation criteria 
investigated. None of the eight studies investigated habituation with the same paradigm in 
more than two different age groups and, consequently, general statements about 
developmental changes on neurophysiological habituation are not possible. Longitudinal 
studies with standardized methods constitute an urgent prerequisite to deploy these 
techniques for the identification of groups at risk for impaired brain development. 




In accordance with the recommendations of the literature review, an adapted habituation 
paradigm consisting of the syllables “ba” and “bi” in a neurophysiological measurement setting 
using fMEG in healthy fetuses and neonates was tested (Study 2). The aim was to show that 
the fMEG method can be used to monitor early processing of language stimuli and early basal 
learning competencies. Using a similar habituation paradigm consisting of pure tones, our 
group has already shown that habituation is present as early as in the fetus and assessable in 
utero via fMEG (Muenssinger et al., 2013a). ERRs of the syllables were recorded and three 
criteria of habituation (response decrement, stimulus specificity and dishabituation) were 
hypothesized to be found after data analysis. Since amplitudes of ERRs showed no decrement 
with repeated stimulation in either age group, habituation to the presented stimuli could not be 
verified. With significantly higher ERRs towards the dishabituator than to the subsequent 
stimulus, however, a discriminative neural response (stimulus specificity) was shown in infants 
but not in fetuses. This is at variance with earlier studies by our group as well as with behavioral 
habituation studies during the last trimester of pregnancy, indicating fetal and neonatal 
habituation to less complex stimuli (Bellieni et al., 2005; Hepper et al., 2012; Muenssinger et 
al., 2013a). Although it was possible to analyze ERRs to syllables, several reasons as to why 
habituation was not shown must be taken into consideration. 
Firstly, the quality of the stimuli transferred to the fetuses cannot be determined with certainty. 
The ERRs elicited to the syllables presented indicate that they are transmitted to the auditory 
sensory system. However, evidence of discriminatory effects on both syllables was found in 
the infant group only. One reason could be that the acoustic transmission through maternal 
tissues and amniotic fluid does not adequately reflect the differences between the two 
syllables. Another possible reason for these results could be the complexity of the stimuli 
applied. Syllables, which have a broader and more discontinuous spectrum of frequencies than 
pure tones, might be more challenging in both transmission and perceptional processing 
(Muenssinger et al., 2013a). 




Secondly, pregnant women and newborns cannot be expected to undergo an excessively long 
examination. To avoid artifacts caused by movements, restlessness or muscle tension, which 
may have negative influences on the analysis of ERRs, a reasonably short measurement 
period was used. Additionally, the fetal and neonatal behavioral state may impact stimulus 
processing and therefore influence characteristics of the ERRs (Nijhuis, 1986). Our group 
previously ascertained that the fetal state influences latency of ERRs towards auditory 
stimulation (Kiefer-Schmidt et al., 2013). An EEG study with auditory stimuli presented to 
neonates also suggested that the fetal sleep state may influence the amplitude of ERRs 
(Weitzman et al., 1965). Other studies indicated that habituation (measured by the decrease 
in fetal movement) occurs independently of the behavioral state (van Heteren et al., 2001). In 
the present study, the number of segments included in the analysis of ERRs was too low to 
reliably evaluate fetal state. 
Thirdly, the relevance that participants attribute to a stimulus can influence habituation 
(Kenemans et al., 1988; Schupp et al., 2006). Speech stimuli may be more common to fetuses 
than artificial sounds such as pure tones, since the former occur frequently in a natural fetal 
environment. The extent to which habituation differs from more or less familiar auditory stimuli 
at this early age should be the subject of subsequent studies. 
In future trials, stimuli with more pronounced differences should be selected, and more 
repetitions of the standard before the dishabituator occurs should be included. Differentiated 
knowledge about early auditory language perception and processing may help to identify 
children at risk for later language deficits.  
In the third study, to examine whether exogenous factors impact fetal brain development, 
visual and auditory ERRs using fMEG in fetus and neonates with or without IUGR were 
investigated. In addition, children were reassessed at the age of two years using a 
standardized developmental test (BSID II). The long-term objective of such follow-up 
assessments would be to determine whether fMEG in fetuses at risk can be used to predict 
future development. 




Previous results of our group indicate that, unlike AGA and SGA fetuses, IUGR fetuses have 
delayed visual ERRs, as measured by fMEG (Morin et al., 2015). In the present study, longer 
latencies for visual ERRs (albeit not to a statistically significant extent) and a significantly 
decreased MDI of the BSID II indicate that IUGR has a negative influence on early functional 
brain development, beginning as early as during gestation and possibly persisting until 
childhood. One explanation for the non-significant differences between EERs of IUGR, SGA 
and AGA fetuses might be the small sample sizes, rendering it inappropriate to statistically 
control for GA at the time of fMEG measurement. At the age of about two years, the MDI was 
significantly lower in former IUGR infants than in former SGA or AGA infants. Although several 
other studies have reported similar results, inconsistent definitions of IUGR in the present 
literature challenge their comparisons. IUGR fetuses should be clearly distinguished from 
constitutionally small fetuses by including markers that indicate a pathologic growth delay. The 
umbilical artery pulsatility index is a clinical standard for the observation of intrauterine 
nutritional and oxygen insufficiency that leads to pathologic metabolic conditions. In line with 
the present results, a study by Leppanen et al. (2010) reported lower scores in the mental, but 
not in motoric abilities only in those fetuses with a pathological umbilical doppler. Other studies 
investigating the cognitive development of children with a former IUGR also found deficits 
(Eixarch et al., 2008; Wienerroither et al., 2001). It should be noted that the MDI and PDI 
scores of BSID-II include several cognitive and motor domains which should be further 
differentiated. For this purpose, the 3rd version of the BSID, which is now available in German, 
should be used in future trials (Bayley, 2006). 
Due to the theory of DOHaD, early exogenous influences may induce changes in 
developmental processes, and subsequently in health status. Measurement of ERRs gives the 
chance to gain information about functional brain development from fetal age onwards. To 
compare results of different trials, standardized methods should be used in well-defined age 
groups. The assessment of fetal habituation processes using ERR detection by fMEG is 
feasible, and complex stimuli like syllables are recognized by the fetus. Nevertheless, it 
remains unclear as to whether different syllables are distinguished from each other and a 




response decrement was not shown. Since ERRs are influenced by pathological factors like 
IUGR, the fMEG method might be useful to detect impairments in early functional brain 
development. This is essential not only to comprehend the underlying neuropathological 
mechanisms, but also for clinical purposes, as early detection might help to implement 
interventions to compensate the subsequent developmental constraints that were observed in 
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